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Abstract 


Upon their discovery, f-arrestins 1 and 2 were named for their ca- 
pacity to sterically hinder the G protein coupling of agonist-activated 
seven-transmembrane receptors, ultimately resulting in receptor de- 
sensitization. Surprisingly, recent evidence shows that B-arrestins 
can also function to activate signaling cascades independently of 
G protein activation. By serving as multiprotein scaffolds, the 
B-arrestins bring elements of specific signaling pathways into close 
proximity. 8-Arrestin regulation has been demonstrated for an ever- 
increasing number of signaling molecules, including the mitogen- 
activated protein kinases ERK, JNK, and p38 as well as Akt, PI3 
kinase, and RhoA. In addition, investigators are discovering new 
roles for B-arrestins in nuclear functions. Here, we review the sig- 
naling capacities of these versatile adapter molecules and discuss the 
possible implications for cellular processes such as chemotaxis and 
apoptosis. 
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B-ARRESTINS: DISCOVERY, 
BIOLOGY, AND CLASSICAL 
FUNCTIONS 


The classic paradigm of signal transduc- 
tion in response to stimulation of seven- 
transmembrane receptors (7TMRs), also 
known as G protein-coupled receptors 
(GPCRs), involves an agonist-induced con- 
formational change that allows the receptor 
to interact with and dissociate the Ga from 
the GBy subunits of heterotrimeric G pro- 
teins (for a historical review, see Reference 1). 
Distinct subtypes of Ga proteins, such as Gas, 
Gaq, and Gai, signal through discrete path- 
ways via second messenger molecules such 
as cyclic AMP, inositol triphosphate, diacyl- 
glycerol, and calcium. Members of a protein 
family known as the G protein-coupled re- 
ceptor kinases (GRKs) initiate the termina- 
tion of this signaling response (for reviews 
see References 2-4). GRKs rapidly phospho- 
rylate the receptor, typically on its cytoplas- 
mic tail. B-Arrestins then bind the phos- 
phorylated receptor, which blocks further G 
protein-initiated signaling through a steric 
mechanism. 


Discovery of B-Arrestins 


The discovery of B-arrestins in the late 1980s 
resulted from the observation that increas- 
ingly pure preparations of GRK2 (then re- 
ferred to as B adrenergic receptor kinase) 
progressively lost the ability to desensitize 
G protein activation in a reconstituted B-2 
adrenergic receptor (B2AR) system (5). The 
loss of desensitization could be rescued by ad- 
dition of high molar excesses of visual arrestin 
(S-antigen or 48-kDa protein) (6), which re- 
searchers had recently discovered to function 
together with rhodopsin kinase to desensi- 
tize rhodopsin signaling. This implied that a 
homologous protein could exist in nonreti- 
nal tissues (5). Molecular cloning confirmed 
this and revealed two isoforms of the hypoth- 
esized protein, termed f-arrestins 1 and 2 (or 
arrestins 2 and 3) because of their homology 
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with arrestin and their functional regulation 
of the B2AR (7, 8). 


B-Arrestins as Adapters for 
Internalization 


B-Arrestins are expressed ubiquitously in all 
cells and tissues and function in the desen- 
sitization of most 7TMRs except rhodopsin. 
Although their role in the termination of sig- 
naling led to their discovery, later research ap- 
preciated that f-arrestins serve a second func- 
tion in receptor internalization [for a review, 
see Benovic et al. (8a) in this volume]. By act- 
ing as adapters for B(2) adaptin, better known 
as AP2, and clathrin (9-11), B-arrestins bring 
activated receptors to clathrin-coated pits for 
endocytosis, a process critical for receptor re- 
cycling and degradation. B-Arrestins also bind 
to various other proteins implicated in recep- 
tor internalization. For example, 6-arrestin2 
is constitutively bound to the guanine nu- 
cleotide exchange factor ARNO (ARF nu- 
cleotide binding site opener) and serves as 
a switch to regulate the activity of the small 
G protein ARF6 (ADP-ribosylation factor 6), 
which is bound to -arrestin2 only upon re- 
ceptor stimulation (12, 13). When ARNO 
activates ARF6, the latter is released by B- 
arrestin2 and assists in the endocytosis of the 
receptor. 


Isoform Differences Between 
B-Arrestins 1 and 2 


The amino acid sequences of the two B- 
arrestin isoforms are 78% identical; most of 
the coding differences appear in the C ter- 
mini. Knockout studies show that mice lack- 
ing either f-arrestinl or -2 are viable (14, 
15), whereas the double-knockout phenotype 
is embryonic lethal (16; R.J. Lefkowitz & ET. 
Lin, unpublished data), implying that each B- 
arrestin functionally substitutes for the other 
isoform to some degree. However, the molec- 
ular studies reviewed here do not support 
redundant roles for all B-arrestin-mediated 
functions. For example, internalization of 


Table 1 7TMRs and their 6-arrestin-dependent properties? 


B-Arrestin 6-Arrestin- 6-Arrestin isoform 

Receptor recruitment dependent ERK regulation of ERK Cell type | Reference 
AT aR Wild type Class B Yes Reciprocal* HEK-293 58 

A324 Class A Yes N.D. HEK-293 Figure 4 
B2AR Wild type Class A Yes Codependent HEK-293 61 

GRK~, PKA- | None No N.A. HEK-293 Figure 4 
PAR2 Wild type Class B Yes Codependent HeLa 118 

C-tail deletion | Class A No N.A. HeLa 
V2R Class B Yes Reciprocal* HEK-293 60 
PTHIR Class B Yes Codependent HEK-293 62 
CCR7 Class B Yes N.D. HEK-293 67 
PAR 1 N.D. Yes Reciprocal** HEK-293 114 
“Receptors are designated as recruiting f-arrestins in either a Class A (transient, weak interaction; results in rapid recycling of receptors after 
internalization) or Class B interaction (strong and long lasting; receptors internalize with B-arrestins, and thus slow recycling occurs). Next, 
receptors are classified as to whether or not the wild-type or mutant receptor retains the ability to activate ERK via §-arrestins. B-Arrestin isoform 
specificity for ERK activation is listed in the fourth column: Either both f-arrestin isoforms are required for ERK signaling (termed codependent), 
or only one particular isoform is required, and the other isoform serves to inhibit ERK signaling (termed reciprocal regulation). One asterick 
denotes that B-arrestin2 carries the signal to ERK and {-arrestin1 serves to inhibit. Two asterisks denote that $-arrestin1 functions to signal and 


-arrestin2 inhibits. N.D., no data; N.A., not applicable. 


some 7TMRSs is mediated primarily by one 
isoform, as is the case for the B2AR via ß- 
arrestin2, whereas for others, like the an- 
giotensin II type 1A receptor (AT1,R), both 
B-arrestin isoforms are equally capable (16, 
17). Likewise, either B-arrestin isoform is ca- 
pable of AT14R second messenger desensiti- 
zation, and the two can functionally substitute 
for each other, but for the protease-activated 
receptor 1 (PAR1), only B-arrestin1 can de- 
sensitize phosphoinositide turnover (18). 


Two Patterns of 8-Arrestin 
Recruitment 


Upon 7TMR stimulation and subsequent B- 
arrestin recruitment to the cytoplasmic mem- 
brane, two patterns emerge. For some recep- 
tors, there is transient, low-affinity binding 
characterized by a rapid concentration of B- 
arrestin at the activated receptor. B-Arrestin 
is subsequently released after targeting the re- 
ceptor to clathrin-coated pits. This pattern, 
termed Class A, is typified by the B2AR. Class 
A receptors typically undergo rapid recycling 
to the plasma membrane after their internal- 
ization. In contrast, Class B receptors, such as 


the AT1,R, show a much stronger and more 
prolonged binding to f-arrestin, such that 
following recruitment to clathrin-coated pits, 
the receptor and f-arrestin remain bound to- 
gether on the surface of endocytic vesicles 
(17). Because of their prolonged interaction 
with B-arrestins, Class B receptors recycle to 
the cell surface much more slowly than Class 
A receptors. Table 1 summarizes B-arrestin 
recruitment patterns for various 7TMRs. 


B-Arrestin Regulation by 
Phosphorylation and Ubiquitination 


Mammalian arrestins exist in a constitu- 
tively phosphorylated state in the cytosol 
and are dephosphorylated upon binding acti- 
vated 7TMRSs at the plasma membrane. For 
f-arrestinl, serine 412 is the site of extra- 
cellular signal-regulated kinase (ERK) 1/2— 
mediated phosphorylation (19). In contrast, 
for B-arrestin2, which is phosphorylated by 
casein kinase II, threonine 383 is the primary 
phosphorylation site, and serine 361 repre- 
sents a secondary site (20-21). Dephosphory- 
lation of B-arrestins at the plasma membrane 
is necessary for engaging endocytic partners 
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residue-containing 
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such as clathrin but does not seem to af- 
fect receptor binding or desensitization (22). 
In fact, S412D §-arrestinl, which mimics 
the phosphorylated form of f-arrestin1, acts 
as a dominant-negative mutant with respect 
to receptor internalization (22). Presumably, 
B-arrestins are rephosphorylated by kinases 
associated with the internalizing complexes. 

B-Arrestins also undergo ubiquitination 
upon activation of several 7TMRs (23-26). 
Ubiquitination results from a three-step en- 
zymatic process in which a small protein, 
ubiquitin, is covalently appended to lysine 
residues in the substrate proteins (27, 28). 
Ubiquitination is the result of the sequen- 
tial action of three enzymes. First, the for- 
mation of a high-energy thioester bond by 
a ubiquitin-activating enzyme, E1, activates 
the COOH-terminal glycine residue of ubiq- 
uitin. Activated ubiquitin is then transferred 
to an active-site cysteine residue in an E2 
(ubiquitin-carrying enzyme). The final step 
is catalyzed by E3, a ubiquitin protein ligase, 
which links the COOH terminus of ubiquitin 
to the e-amino group ofa lysine residue of the 
substrate protein. 

Although originally discovered to function 
as a protein tag for destruction by the cellu- 
lar proteasomal machinery, ubiquitin modifi- 
cation is now appreciated for mediating novel 
outcomes including protein trafficking and 
signal transduction (29-33). Agonist stimula- 
tion of the B2AR leads to f-arrestin ubiq- 
uitination, which is mediated by Mdm2, a 
RING domain containing E3 ubiquitin lig- 
ase. B-Arrestin ubiquitination is required for 
rapid receptor internalization (23). Remark- 
ably, the nature and stability of receptor- 
arrestin complexes formed upon agonist stim- 
ulation reflect the status and longevity of 
B-arrestin ubiquitination. Stimulation of 
Class A receptors such as the B2AR leads 
to transient ubiquitination of 6-arrestin (24, 
26). In contrast, stimulation of Class B 
7TMRs, which recruit f-arrestin to the 
plasma membrane and subsequently internal- 
ize as receptor-arrestin complexes into endo- 
somes, results in sustained 6-arrestin ubiqui- 
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tination (24, 26). The phosphorylation status 
of the receptor carboxyl tail is one determi- 
nant of tight (Class B) versus loose (Class A) 
binding of 6 -arrestin thus governing the char- 
acteristic endosomal and plasma membrane 
recruitment patterns. However, these patterns 
of B-arrestin trafficking are also dictated by 
the attachment of ubiquitin moieties to spe- 
cific lysines (e.g., lysines 11 and 12 for the class 
B AT1,4R) within §-arrestin2 (25). Further- 
more, when ubiquitin is translationally fused 
to the C terminus of B-arrestin, endosomal lo- 
calization occurs even with Class A receptors 
(24, 25). Thus, B-arrestin ubiquitination sta- 
tus likely plays a key role in determining the 
stability of the interactions of $-arrestin with 
7TMRs and perhaps other elements of the en- 
docytic machinery. These downstream inter- 
actions directed by the ubiquitination status of 
B-arrestin may in turn dictate the trafficking 
itinerary of endocytosed receptor complexes. 

Agonist stimulation of 7TMRSs such as the 
B2AR and the V2R also leads to the ubiqui- 
tination of the receptors themselves; surpris- 
ingly, B-arrestin2 but not B-arrestin1 is re- 
quired for this process (23, 34). B-Arrestin2 
likely acts as an adapter to bring one or more 
E3 ubiquitin ligases to the activated receptors. 
For the above 7TMR;s, the specific E3 lig- 
ases that collaborate with B-arrestin remain 
to be elucidated. In contrast, the E3 ligases 
AIP4 and c-Cbl reportedly mediate the ubiq- 
uitination of two other mammalian 7TMRs, 
CXCR4 and PAR2, respectively (35-37). The 
exact role, if any, of B-arrestin in these systems 
remains to be determined. 

Researchers recently have discovered a 
further role for §-arrestins in the mediation 
of ubiquitination and degradation of single- 
transmembrane receptors, namely the tyro- 
sine kinase IGF-1R and the Drosophila Notch 
receptor. Although B-arrestin was previously 
reported to act as an endocytic adapter for 
the IGF1-R, its function in mediating recep- 
tor ubiquitination was only recently appre- 
ciated. Girnita et al. (38, 39) unexpectedly 
found that the B-arrestinl isoform (unlike 
B-arrestin2, as indicated above for 7TMRs) 


acts as an essential adapter to bring the 
E3 ubiquitin ligase, Mdm2, to the recep- 
tor, leading to receptor ubiquitination and 
degradation. Recently, Mukherjee et al. (40) 
demonstrated that Kurtz, the unique nonvi- 
sual arrestin of Drosophila, regulates ubiquitin- 
dependent downregulation of Notch. Kurtz 
binds Deltex, a known Notch regulator and 
a putative E3 ubiquitin ligase for Notch, 
thus promoting the ubiquitination and degra- 
dation of Notch (40). Whether f-arrestin 
ubiquitination has any role in the signaling 
mechanisms of these receptors, and whether 
B-arrestin ubiquitination is even induced by 
such receptors, remain provocative questions. 

Although arrestin homologs have been 
found only in metazoans, genome sequenc- 
ing in nonmetazoans has revealed arrestin- 
like or arrestin domain-containing proteins 
(41). For Aspergillus nidulans, a model fun- 
gus, the arrestin-like protein PalF, a com- 
ponent of a fungal ambient pH signaling 
pathway, becomes phosphorylated and ubiq- 
uitinated upon activation of a 7TM receptor, 
PalH, that responds to alkaline pH. Moreover, 
PalF phosphorylation and ubiquitination are 
crucial in linking receptor internalization to 
the multivesicular body—sorting pathway (42). 
The pH signaling pathway elicited by the 
7TM PalH depends on the arrestin-like pro- 
tein and its posttranslational modifications 
but does not require any G protein activity 
(41). These capabilities of PalF are similar to 
those of the mammalian B-arrestins, for which 
phosphorylation and ubiquitination play cru- 
cial roles in distinct signaling pathways (see 
below). 


B-ARRESTIN SIGNALING TO 
THE MITOGEN-ACTIVATED 
PROTEIN KINASES 


In the past seven to eight years, a previ- 
ously unappreciated function of B-arrestins 
has come to light: serving as scaffolds for 
numerous signaling networks. Although we 
are just beginning to understand some of 
the signals that B-arrestins regulate, the con- 


sequences of these signaling events remain 
largely a mystery. Below we review cur- 
rent literature relevant to this novel role of 
B-arrestins as signal transduction scaffolds, 
with particular attention to the mitogen- 
activated protein kinases (MAPKs). 

Cellular 
highly coordinated cascades of events. The 


signal transduction involves 
number of possible downstream targets for 
any given member of a signaling network is 
vast, and to maintain integrity and specificity 
of signaling, cells employ molecular scaffolds. 
These are large chaperone complexes that 
hold together specific members of a signaling 
network to give them preferential access 
to one another, thus ensuring the fidelity 
of a particular signaling response. Recent 
considerable data show that, in addition 
to their classic roles in desensitization and 
internalization, f-arrestins can also act as 
signaling scaffolds for many pathways and, in 
particular, those of the MAPKs. 

The MAPKs are a family of serine/ 
threonine kinases that include ERK1/2 (also 
known as p44/p42MAPK), p38 kinases (iso- 
forms «a, B, y, 4), and the c-Jun N- 
terminal kinases JNK1, JNK2, JNK3). The 
downstream effectors of MAPKs control 
many cellular functions, including cell cy- 
cle progression, transcriptional regulation, 
and apoptosis. ERK1/2 activation exempli- 
fies the prototypical MAPK signaling mod- 
ule: ERK1/2, a MAPK, is phosphorylated by 
MEK, a MAPK kinase (MAPKK). MEKs are 
phosphorylated by a variety of Raf isoforms, 
which are MAP triple kinases, or MAPKKKs. 
For each of the MAPK family members, this 
pattern holds true: A MAPKKK activates a 
MAPKK, which in turn activates a MAPK. 


The First Evidence of B-Arrestin 
Signaling: c-Src recruitment 


The first evidence that B-arrestins could act 
to facilitate signal transduction from 7TMRs 
came from studies in receptor internalization- 
defective systems (43-45). These studies 
reported that dominant-negative versions of 
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dynamin and B-arrestin! (45) or chemical 
blockade of clathrin-mediated internaliza- 
tion (43, 44) diminish receptor signaling to 
ERK1/2. Although there are a number of ways 
in which receptors can be internalized, these 
results suggested that internalization compo- 
nents of at least one of these systems is re- 
quired for complete MAPK activation under 
some circumstances. 

Shortly thereafter, Luttrell et al. (46) and 
DeFea et al. (47) discovered that B-arrestin1 
can recruit c-Src, a nonreceptor tyrosine ki- 
nase family member, to 7TMRSs. Src recruit- 
ment to the B2AR results in ERK activation, 
which can be inhibited by expression of a mu- 
tant B-arrestin1 defective in receptor binding 
or Src binding (46, 48). Sre phosphorylation 
is a necessary step in the activation of var- 
ious mitogenic signaling pathways activated 
by 7TMR;s, and thus B-arrestins were impli- 
cated in carrying cellular signals. Likewise, 
using the neurokinin-1 receptor and its ago- 
nist substance P, DeFea et al. (47) showed that 
Src recruitment by -arrestin is necessary for 
the prevention of apoptosis and propagation 
of mitogenic signals. The above studies were 
groundbreaking in introducing the idea of a 
second wave of 7TMR signaling initiated by 


MKP7 ON 


B-arrestins. 


b 


Figure 1 


ERK: The Archetype for B-Arrestin 
Signaling 

Soon after the discovery of -arrestin- 
dependent Src recruitment, DeFea et al. 
(49) and Luttrell et al. (50) showed that 
B-arrestins scaffold specific components of 
the MAPK cascade. Using the protease- 
activated receptor 2 (PAR2), DeFea et al. 
(47) demonstrated that agonist stimulation 
results in the formation of a complex con- 
taining the activated receptor, B-arrestin1, 
Raf-1, and phosphorylated ERK. In a similar 
report using the AT1,R, Luttrell et al. (50) 
described an agonist-induced {-arrestin2, 
Raf-1, MEK1, and ERK1/2 signaling com- 
plex. This study showed that MEK 1 indirectly 
binds B-arrestin2 through contacts with 
Raf and ERK, whereas the latter compo- 
nents directly bind §-arrestin. These stud- 
ies clearly demonstrated that f-arrestins 
can serve as scaffolding molecules that fa- 
cilitate cell signaling to ERK. Recently, 
Scott et al. (51) reported that filamin A, 
an actin-binding protein, directly binds B- 
arrestinl and increases its association with 
ERK. Figure la depicts f-arrestin2 scaf- 
folds for ERK activation, as currently 
understood. 


c 


B-Arrestin scaffolds for signaling. (a) A depiction of the B-arrestin scaffold for extracellular signal-related 
kinase (ERK) activation. ERK1/2 and Raf-1 bind -arrestin2 directly, and the mitogen-activated protein 
kinase kinase MEK-1 binds indirectly. It is not known which residues of B-arrestin2 bind ERK and 
Raf-1. (b) The B-arrestin scaffold for c-Jun N-terminal kinase (JNK) 3 activation. As does ERK, JNK3 
and apoptosis signaling kinase 1 (ASK1) bind f-arrestin2 directly, whereas MAP kinase kinase 4 (MKK4) 
binds indirectly. JNK3 and the negative regulator MAP kinase phosphatase 7 (MKP7) contact the RRS 
motif (amino acids 195-202). (c) The B-arrestin scaffold for Akt regulation. B-Arrestin2 associates with 
and is necessary for Akt activation in some systems, although it is not known if Akt and/or PP2A bind 


directly or indirectly to B-arrestin2. 
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Once researchers established that ß- 
arrestins were involved in signal transduction 
to ERK from a variety of 7TMRs, they inves- 
tigated the functional consequences of these 
events. One effect of ERK activation is the 
phosphorylation and activation of Elk-1, an 
Ets domain-containing transcription factor 
involved in the transcription of genes that pro- 
mote cell cycle progression. Using the AT1,R 
as a model, ‘Tohgo et al. (52) observed that 
exogenous {-arrestinl or -2 expression re- 
sulted in decreased agonist-stimulated phos- 
phoinositide hydrolysis, yet increased ERK 
activation. In other words, B-arrestin expres- 
sion inhibited G protein signaling (through 
increased desensitization) but increased ERK 
phosphorylation through a presumably G 
protein-independent pathway. However, Elk- 
1-dependent transcription, which typically re- 
sults from ERK activation, was decreased 
when f-arrestins were expressed. (52). Con- 
focal microscopy revealed that this effect is 
a result of the cytosolic retention of ERK 
by B-arrestins on endocytic vesicles (50, 53), 
later termed arrestin signalosomes (30). Al- 
though these studies clarify that $-arrestin- 
dependent ERK does not have typical nuclear 
ERK functions, the precise downstream tar- 
gets activated by B-arrestin-dependent ERK 
remain unknown. However, cytoskeletal re- 
arrangement and chemotaxis (54-56) have 
been linked to B-arrestin signaling. In one re- 
port, B-arrestin signalosomes were enriched 
at the leading edge of chemotactic cells, sug- 
gesting that 6-arrestin-mediated ERK is re- 
sponsible (55). In accord with this result, Scott 
et al. (51) showed that f-arrestins, filamin A, 
and ERK are all necessary for membrane ruf- 
fling in Hep? cells. 

RNA silencing technology has provided a 
powerful tool for distinguishing ®-arrestin- 
dependent activation of ERK from that ini- 
tiated by G proteins. Previously, studies of 
B-arrestin signaling generally relied on over- 
expression of B-arrestins in cell lines, such as 
COS-7, with very low endogenous B-arrestin 
expression (50, 53). Small interfering RNAs 
(siRNAs) allow for the selective elimination of 


a particular B-arrestin isoform from an other- 
wise complete signaling system. Application 
of siRNA technology to B-arrestin signaling 
revealed previously unappreciated differences 
in B-arrestin isoform specificity (57-59). Al- 
though siRNA directed toward f-arrestin2 
led to a decrease in phosphorylated ERK after 
stimulation of the AT1,4R in HEK-293 cells, 
B-arrestin1 siRNA resulted in a surprising in- 
crease in ERK activation (59). Ren et al. (60) 
noted a similar pattern for the V2 vasopressin 
receptor (V2R). This pattern, termed recip- 
rocal regulation, is still not mechanistically 
understood, nor does it apply to all 7TMRs. 
For example, some receptors, such the B2AR 
and parathyroid hormone receptor, subtype 1 
(PTHIR), exhibit a marked decrease in ERK 
activation following siRNA depletion of ei- 
ther B-arrestin1 or -2 (61, 62). This pattern 
may be termed codependent regulation, as 
both B-arrestins are necessary for ERK sig- 
naling. Table 1 lists the patterns for 7TMRs 
studied to date. 

G protein-mediated and f-arrestin- 
mediated ERK pathways are both spatially 
segregated (50, 52, 58) and, according to 
studies using RNAi, temporally distinct (58) 
in cells. For the AT1,R studied in HEK-293 
cells, G protein-mediated ERK activity 
was maximal at 2 min after stimulation, 
with very little contribution to the cellular 
pool of phospho-ERK after 10 min (58). 
B-Arrestin2-mediated ERK activity was 
miminal until 10 min poststimulation but was 
responsible for nearly 100% of ERK signaling 
at times beyond 30 min (58). Blockade of 
Gaq-dependent signaling by a protein kinase 
C (PKC) inhibitor yielded an inverse pattern 
of ERK phosphorylation when compared 
with that which resulted from f-arrestin2 
siRNA. Interestingly, the two pathways to 
ERK activation were additive over the entire 
time course. Figure 2, a time-course plot 
of ERK activation by AngII, depicts these 
findings. 

Mutational analysis supports the indepen- 
dence of G protein and f-arrestin signal- 
ing pathways for certain receptors. Mutant 
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Phospho-ERK activation by the AT1,R is dependent upon f-arrestin2 expression. A time course of 
ERK phosphorylation stimulated by the AT1,R in HEK-293 cells in response to 100-nM angiotensin II. 
Cells were transfected with control siRNA or B-arrestin2 siRNA for 72 h and treated with either the 
PKC inhibitor Ro31-8425 or DMSO for 20 min prior to stimulation. Plots are depicted as a percentage 
of maximal ERK activation at 2 min in the control siRNA, DMSO-treated sample. Results are averages 
+/— SEM of five experiments. Figure adapted from Reference 58a, with permission. 


receptors that do not couple to their cog- 
nate G proteins but still recruit B-arrestins 
in response to agonist stimulation provide 
an excellent model with which to study ex- 
clusively §-arrestin-mediated signaling. Thus 
far, researchers have identified such mutants 
for two receptors, the B2AR and AT14R. For 
the AT1,R, alanine substitution of the first 
two 
the second intracellular loop, termed DRY, 
completely uncouples the receptor from Gaq 
(63) while retaining the capacity to recruit 
B-arrestins and activate $-arrestin-dependent 
ERK (64). The ERK that is phosphorylated in 
response to AngII stimulation of the AT1,R- 
DRY/AAY receptor depends completely on 
B-arrestin2 expression. A similar study em- 


amino acids of a conserved motif in 


ployed an evolutionary trace method to cre- 
ate a mutant B2AR (B2ARTYY) that is uncou- 
pled from Gas but retains the ability to recruit 
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and signal through f-arrestins (61). Further- 
more, 82AR?*Y ERK activation is completely 
abolished by B-arrestin2 siRNA and is insen- 
sitive to protein kinase A (PKA) inhibitors 
(61). 

Biased agonism refers to the preferential 
activation of one of a number of possible 
downstream pathways of a receptor by a par- 
ticular ligand. This concept implies that re- 
ceptors can exist in an ensemble of distinct 
conformations in response to ligand binding. 
For example, in an inactive receptor confor- 
mation, G proteins are not dissociated, and B- 
arrestins are not recruited. Inactive conforma- 
tions would be expected to predominate in the 
absence of ligand or upon treatment with an 
inverse agonist. Conversely, fully active con- 
formations would result from treatment with 
a full agonist. However, a biased agonist would 
be expected to elicit a conformational change 


that can only recruit B-arrestins without cou- 
pling to G proteins, or vice versa. 

In light of the two possible pathways of 
signaling elicited by 7TMRs we describe in 
this review, G protein or f-arrestin medi- 
ated, a biased agonist would specifically ac- 
tivate one of these pathways to a greater 
extent than the other. A prime example of 
this bias exists for the AT14R. A mutational 
approach was successful in identifying a B- 
arrestin signaling-specific agonist for this re- 
ceptor (64, 65), termed SI*I® AngII (SID. Al- 
though SII cannot activate Gaq signaling, as 
evidenced by lack of PI hydrolysis (64, 65), 
calcium mobilization, or diacylglycerol activ- 
ity, SII can recruit f-arrestin to the AT14R in 
a Class B pattern and stimulates ERK in an 
entirely $-arrestin2-dependent manner (64). 
Recently, mutation analysis of the AT14R re- 
vealed that specific residues in the seventh 
transmembrane-spanning domain are neces- 
sary for SII mediated signaling but not for 
Angell signaling. This report suggests that 
SII can induce a conformational change that 
is distinct from that induced by AngII (66). 
In vivo, SII mediates different physiologi- 
cal effects than AngII; i.e., whereas AnglI 
stimulates intake of both water and salt in 
mice, SII increases only salt consumption 
(67). 

Similarly, for the B2AR, the compound 
ICI118551, a well-established inverse ago- 
nist for adenylyl cylase (68), induces ERK 
phosphorylation that completely depends on 
B-arrestin2 expression (69). Finally, for the 
V2R, the inverse agonist SR121463B recruits 
B-arrestin and stimulates ERK (69). These 
data further support the independence of G 
protein and ßB-arrestin signaling pathways for 
some 7TMRs. 

However, independence of these pathways 
is not displayed by all receptors. A naturally 
occurring system of biased agonism exists for 
the chemokine receptor CCR7: One ligand 
(termed ELC/CCL19) can activate both G 
protein and B-arrestin signaling, and another 
ligand (SLC/CCL21) activates only G pro- 
tein signaling and does not recruit B-arrestins. 


In this system, f-arrestin signaling is also de- 
pendent upon G protein activity, as pertussis 
toxin treatment of cells eliminates all activa- 
tion of ERK through the CCR7 receptor (70). 
Other Gai-coupled receptors show a similar 
pattern. For example, CXCR4 can induce 6- 
arrestin-dependent chemotaxis, which is abol- 
ished by pertussis treatment (71). Also, in 
studies of the AT1,R and lysophosphatidic 
acid (LPA) receptor in HEK-293 cells, Angl- 
induced chemotaxis was slightly reduced, and 
LPA-induced, f-arrestin-dependent chemo- 
taxis was eliminated by pertussis, consistent 
with the coupling of the LPA receptor to 
Gai and the coupling of AT1,4R to both 
Gaq and Gai for these cellular responses 
(56). 

Although the downstream effectors of B- 
arrestin signaling to ERK have not been 
elucidated, a recent report suggests one 
physiological outcome with implications for 
Parkinson’s disease. Rotenone, a pesticide, is 
toxic to dopaminergic (DA) neurons and is 
used as a model of Parkinson’s disease. Stim- 
ulation of the group HI metabotropic gluta- 
mate receptor (mGluRII) attenuates the tox- 
icity of rotenone on DA neurons. Jiang et. al. 
(72) found that the mechanism for this stems 
from L-AP-4 (an mGluRIII agonist) stimu- 
lation of ERK that depends on dynamin, B- 
arrestin2, and c-Src. The B-arrestin-activated 
ERK stabilizes microtubules, which protects 
DA neurons from rotenone toxicity (72) and 
prevents Parkinson’s-like symptoms. 


B-Arrestin and JNK3 Signaling 

Another MAPK activated by B-arrestin sig- 
naling pathways is JNK3. Unlike the other 
two members of this kinase family, JNK1 
and JNK2, which are ubiquitously expressed, 
JNK3 shows tissue specificity, with expres- 
sion restricted to the brain and to a lesser 
extent the heart and testis (73). JNK3 
was originally identified as a binding part- 
ner of f-arrestin2 in a yeast two-hybrid 
screen, and subsequent investigation re- 
vealed that the two upstream kinases, MAP 
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kinase kinase 4 (MKK4) and apoptosis sig- 
naling kinase (ASK1), were also present in 
the complex (74, 75). Thus, f-arrestin2 scaf- 
folds an entire signaling module for JNK3, as 
was previously shown for ERK1/2. This mod- 
ule responds to signaling from a 7TMR, the 
AT1,R, in a time-dependent fashion corre- 
lating with B-arrestin2 recruitment and re- 
ceptor binding (74). Interestingly, phospho- 
rylated, active JNK3 can only be detected 
in association with f-arrestin2 and is ex- 
cluded from the nucleus. A subsequent study 
of B-arrestin2 subcellular localization deter- 
minants confirmed this finding, as a mutant 
B-arrestin2 lacking the nuclear export signal 
showed a redistribution of JNK3 to the nu- 
cleus (76). These findings closely parallel the 
situation with ERK, for which the 8 -arrestin- 
activated kinase is found only in the cyto- 
plasm. 

Recently, Willoughby et al. (77) showed 
that a fourth partner in this signaling module, 
the dual-specificity phosphatase MAP kinase 
phosphatase 7 (MKP7), dynamically inter- 
acted with B-arrestin2. MKP7 seems to func- 
tion as a “reset switch” in the JNK3 cascade, 
as it rapidly dissociates from B-arrestin2 upon 
AT1,R stimulation and later reassociates to 
dephosphorylate JNK3 in the complex (77). 
This is the first report of a negative regulator 
in a B-arrestin signaling module, which raises 
the possibility that other B-arrestin scaf- 
folds bind their own phosphatases. Figure 1b 
shows a schematic representation of the 
§-arrestin2 scaffold for JNK3 activation. 


p38 Activation via B-Arrestin 


The third and final member of the MAPK 
family, p38, has four isoforms (a, B, y, 5) and 
is primarily involved in eliciting a transcrip- 
tional response to inflammatory cytokines, 
growth factors, and cellular stresses. Although 
researchers have not directly shown that 
B-arrestins (4) scaffold either p38 itself or up- 
stream kinases or (b) lead to p38 phosphoryla- 
tion, three reports have implicated B-arrestins 
in p38 activation (71, 78, 79). The chemokine 
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receptor CXCR4-induced chemotactic re- 
sponse, which is B-arrestin dependent, is also 
sensitive to p38 inhibitors (71). These data 
suggest that at least some cellular functions 
regulated by §-arrestin signaling involve p38, 
even though direct B-arrestin-dependent p38 
phosphorylation is not documented. 

More direct evidence for p38 signaling 
comes from work with the cytomegalovirus 
7TMR US828, which is a constitutively ac- 
tive chemokine receptor homolog (78). US28 
is constitutively phosphorylated by GRKs 
and recruits $-arrestin in the absence of ag- 
onist. When the cytoplasmic tail of US28 
is truncated, the constitutive recruitment of 
B-arrestin is lost, and subsequent p38 activa- 
tion is diminished (78). 

Very recently, Bruchas et al. (79) demon- 
strated that the kappa opioid receptor ac- 
tivates p38 by a mechanism that involves 
GRK3 phosphorylation and f-arrestin2. In 
their study, Bruchas et al. used both GRK3~/— 
MEFs and siRNA directed against B-arrestin2 
in striatal astrocytes. They discovered that 
activated p38 colocalized with f-arrestin2 
in features reminiscent of the signalo- 
somes found with f-arrestins and ERK 


(79). 


B-ARRESTIN SIGNALING 
TO OTHER KINASES 


PI3 Kinase and Antiapoptosis 


Phosphatidylinositol 3 kinase (PIBK) is a 
common signaling intermediate of tyrosine 
kinase receptors such as the insulin-like 
growth factor-1 receptor (IGF1-R). PBK 
catalyzes the phosphorylation of phosphati- 
dylinositol-4,5-bisphosphate (PIP2) to phos- 
phatidylinositol-3,4,5 triphosphate (PIP3). 
IGF1-R stimulation leads to PI3K activ- 
ity, which promotes cell growth and in- 
hibits apoptosis. In mouse embryo fibroblasts 
(MEFs) lacking both §-arrestin1 and -2, IGF- 
1 was unable to stimulate PI3K activity (80). 
This effect was rescued by expression of ex- 
ogenous -arrestin1 and was independent of 


the tyrosine kinase activity of the activated 
IGF1-R (80). This is in contrast to the classical 
IGF-1-stimulated pathway, whereby agonist 
binding causes receptor autophosphorylation 
and subsequent tyrosine phosphorylation of 
insulin receptor substrate 1 (IRS-1), leading 
to PI3K and Akt activation. 


Akt Activation 


One important downstream target of PBK 
signaling is Akt, also known as protein kinase 
B (PKB). Akt is pivotal in promoting cell sur- 
vival and preventing apoptosis through nu- 
merous downstream effectors. In the above- 
mentioned IGF-1-stimulated PI3K study, Akt 
was phosphorylated in 6 -arrestin1-expressing 
cells but not in B-arrestin1/2 knockout cells 
(80). This B-arrestin1-dependent Akt signal- 
ing led to increased protection from apoptosis 
(80). 

Thrombin, through protease-activated re- 
ceptors (PARs), can activate Akt by two mech- 
anisms, one Ga dependent and the other 
B-arrestin1 dependent (81). The function of 
f-arrestinl-mediated Akt activation is still 
unclear, as its inhibition does not affect cell 
cycle progression (81-83). 

Recently, §-arrestin2 has also been impli- 
cated in Akt signaling. Using the D2 class of 
dopamine receptors, Beaulieu and colleagues 
(84) found that dopamine stimulates the for- 
mation of a signaling module consisting of B- 
arrestin2, Akt, and its negative regulator, pro- 
tein phosphatase 2A (PP2A) (Figure 1c). In 
mice lacking B-arrestin2, dopamine was un- 
able to regulate Akt signaling, as PP2A and 
Akt could no longer interact. Furthermore, 
behavioral effects associated with dopamine 
administration, such as increased locomo- 
tor activity and wall climbing, were lost in 
these mice, demonstrating the importance of 
B-arrestin2 in mediating these events (84). 
This work is another example of a B-arrestin 
signaling module, much like the JNK3 mod- 
ule, whereby B-arrestin assembles activators 
and negative regulators of a pathway as a 
scaffold. 


Coordinate Regulation of RhoA by 
B-Arrestinl and Gaq 


Pertinent to its role in chemotaxis (see Refer- 
ence 8a), B-arrestin signaling can also mediate 
rearrangement of cytoskeletal components. 
In particular, AT1,R stimulation activates 
the small GTPase RhoA in a B-arrestin1- 
dependent fashion, leading to the formation 
of stress fibers (54). Interestingly, this acti- 
vation of RhoA depends on both Gaq and 
B-arrestin1 (54), whereas AT'1,4R-stimulated, 
B-arrestin-mediated ERK signaling is inde- 
pendent of G protein activation (64). This im- 
plies that the necessity of G protein activity for 
B-arrestin-mediated functions is specific for a 
given cellular outcome. 


NUCLEAR £-ARRESTIN 
SIGNALING 


6-Arrestin Trafficking and 
the Nucleus 


In addition to the above-mentioned roles that 
B-arrestins play in cellular signaling in the cy- 
tosol, there is new evidence that f-arrestins 
can also regulate nuclear processes such as 
transcription of new RNA. Although both 
B-arrestin1 and -2 contain nuclear localiza- 
tion signals, only B-arrestin2 has a nuclear 
export signal. As a consequence, B-arrestin1 
is present in both the nucleus and cyto- 
plasm, whereas B-arrestin2 is only in the cyto- 
plasm (17). However, upon treatment of cells 
with leptomycin B, an inhibitor of CRM1- 
mediated nuclear export, B-arrestin2 accumu- 
lates only in the nucleus (76). These data im- 
ply functional roles for both f-arrestin1 and 
-2 in the nucleus. 


Transcriptional Regulation by 
6-Arrestins 


Changes in transcriptional responses are a 
common outcome of signaling via 7TMRSs. 
Although cytoplasmic signaling byB-arrestins 
has been extensively described, its effects in 


www.annualreviews.org è B-Arrestins and Cell Signaling 


493 


494 


the nucleus have not received attention until 
very recently. One transcription factor fam- 
ily regulated by B-arrestin is NF«B, a nuclear 
transcription factor that regulates the expres- 
sion of genes involved in inflammation, the 
autoimmune response, cell proliferation, and 
apoptosis (85, 86). Iwo independent studies 
identified B-arrestins as binding partners for 
IkBa, a protein that binds NF«B and inhibits 
its nuclear translocation and subsequent ac- 
tivity (87, 88). Both B-arrestin isoforms can 
sequester IkBa-NFk«B complexes in the cy- 
tosol and attenuate NF«B-dependent nuclear 
transcription in response to 7TMR or cy- 
tokine stimulation. Furthermore, B-arrestin2 
can regulate UV-induced NF«B activity via a 
pathway involving casein kinase I]—-mediated 
IkBa phosphorylation (89). In this case, UV 
irradiation of heterologous cells activates ca- 
sein kinase II to phosphorylate B-arrestin2. 
This §-arrestin2 phosphorylation reduces the 
interaction of B-arrestin with IkBa, causing 
IkBa degradation and releasing NFB for nu- 
clear entry and transcriptional activity. 

Gesty-Palmer et al. (90), using cDNA 
microarray technology, recently examined 
transcriptional regulation attributable to 
B-arrestin2 signaling in response to LPA. 
ERK signaling that results from LPA stimu- 
lation of MEFs was diminished in B-arrestin2 
knockout (~/~) MEFs. Most distally, of the 
seven mRNAs upregulated by LPA treatment 
in wild-type MEFs, only four persisted in 
B-arrestin2~/~ MEFs. Interestingly, there was 
an upregulation of several mRNAs in the 
B-arrestin2~/~ MEFs that was not present in 
wild-type MEFs. Although the precise mech- 
anism was not defined, these data suggest that 
B-arrestin signaling has nuclear effects that 
are both positive and negative with regard to 
gene expression. 

B-Arrestins may also control transcription 
without ever entering the nucleus by activat- 
ing nuclear receptors such as the retinoic acid 
receptor (RAR). The RARs control gene ex- 
pression in response to extracellular stimuli 
and are regulated by their phosphorylation 
state. A recent report found that B-arrestin2 
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signaling regulates all RAR and RXR recep- 
tors studied to some extent. In particular, 
RAR-§2-induced transcription in PC12 cells 
completely depends on §-arrestin2-mediated 
ERK activity (91). This 6-arrestin-dependent 
transcriptional regulation inhibits cell growth 
through expression of nerve growth factor. 
Kang et. al. (92) recently observed a much 
more direct role of B-arrestins in mRNA 
transcription. This report found that ß- 
arrestin 1—which, unlike f-arrestin2, is lo- 
calized to the nucleus without the addition 
of leptomycin B—binds directly to the pro- 
moter regions of several genes, including c- 
fos and p27. Furthermore, f-arrestin1 recruits 
p300, the histone acetyltransferase, to these 
promoters via an interaction with its bind- 
ing partner CREB (92). This recruitment re- 
sults in an increase in transcription from the 
promoters bound by B-arrestinl. Both the 
amount of f-arrestin1 and the level of tran- 
scriptional activity at these promoters can be 
regulated by 7TMR stimulation, in this case 
the 5-opioid and k-opioid receptors. How- 
ever, not all 7TMRs can initiate this signal- 
ing, as the B2AR and u-opioid receptor were 
unable to elicit such a response (92). In sum- 
mary, these data provide an excellent mecha- 
nism for direct f-arrestin1-mediated control 
of gene expression upon 7TMR stimulation. 


ACTIVATION OF B-ARRESTIN: 
CONFORMATIONAL CHANGES 


Most signal transduction mechanisms are 
guided by ligand-induced conformational 
changes in the receptor, which are then trans- 
lated to downstream effectors, resulting in 
a specific signal output. Plasma membrane 
translocation of B-arrestin to activated re- 
ceptors and its signaling capabilities even 
in the absence of receptor-G protein in- 
teraction strongly suggest the existence of 
specific receptor conformation(s) for B- 
arrestin binding (61, 64). Moreover, these 
findings indicate that f-arrestins must un- 
dergo their own activation-dependent con- 
formational changes to facilitate downstream 


signaling. Further supporting this is evidence 
that many of the nonreceptor-partner interac- 
tions of B-arrestins, such as the formation of 
MAPK scaffolds, are facilitated upon receptor 
activation. 

Much evidence, including mutagenesis 
and in vitro biochemical and biophysical char- 
acterizations, suggests that visual arrestin un- 
dergoes substantial conformational changes 
as it binds to light-activated, phosphorylated 
rhodopsin (93-95). The X-ray structures of 
bovine visual arrestin and f-arrestin1 in the 
basal inactive state indicate that arrestin is an 
elongated molecule with two domains (N- and 
C-domain), connected through a 12-residue 
linker region (96-99). A notable feature is a 
hydrogen-bonded network of buried, charged 
side chains (the polar core) embedded be- 
tween the N- and C-domains at the fulcrum 
of the f-arrestin molecule (100). Disruption 
of the polar core by the phosphate moieties 
on activated receptors and the rearrangement 
of the “three-element interaction” (i.e., N 
and C termini and the single «-helix of B- 
arrestin) are components of a mechanism by 
which B-arrestin activation and conforma- 
tional change are proposed to occur. Xiao 
et al. (101) recently demonstrated that confor- 
mational changes of the nonvisual f-arrestin2 
occur in the presence of a phosphorylated, 
29-mer peptide that corresponds to the car- 
boxyl tail of the V2R. Addition of the V2R 
phosphopeptide to B-arrestin2 in vitro led to 
the exposure of a buried tryptic cleavage site 
(arginine 394) as well as the release of residues 
371 to 379 in the C terminus of B-arrestin2, 
which contain the sites for clathrin interac- 
tion. In this activated conformation induced 
by the phosphopeptide, f-arrestin binding to 
clathrin increased at least tenfold. 

In another recent study, Bouvier and col- 
leagues (102) monitored the conformational 
changes in the $-arrestin2 molecule by utiliz- 
ing bioluminescence resonance energy trans- 
fer (BRET) assays. BRET is a distance- 
dependent nonradiative energy transfer that 
occurs when an acceptor fluorophore such as 
the yellow fluorescent protein (YFP) comes 


within 10-100 A and captures the energy 
released by the bioluminescent donor en- 
zyme luciferase upon degradation of the 
latter’s substrate (e.g., coelenterazine). Typi- 
cally, the donor and acceptor molecules are 
fused to two independent proteins for testing 
intermolecular interaction by BRET. How- 
ever, Bouvier’s group adapted this principle 
to study intramolecular BRET by flanking 
the B-arrestin molecule with a luciferase moi- 
ety at the N terminus and YFP at the C 
terminus (103). Thus, changes occurring in 
f-arrestin conformation would cause a re- 
arrangement of the two ends of -arrestin, 
producing a BRET signal. Indeed, such in- 
tramolecular BRET signals occurred in the 
luciferase-f-arrestin2-YFP protein upon ac- 
tivation of various 7TMRs. However, the half- 
life of V2R-stimulated intramolecular BRET 
in f-arrestin2 (~5 min) was significantly 
slower than the kinetics of B-arrestin recruit- 
ment to the V2R (~0.8 min). Furthermore, 
quantitatively similar BRET signals were pro- 
duced in both wild-type B-arrestin and the 
f-arrestin mutant R169E, which binds non- 
phosphorylated receptors (104, 105). Accord- 
ingly, the authors concluded that the confor- 
mational changes in -arrestin (represented 
by intramolecular BRET) likely occur due to 
the binding of $-arrestin-interacting proteins 
subsequent to the binding of B-arrestin to the 
receptors and are not due to f-arrestin’s in- 
teraction with the phosphorylated domains 
of the 7TMR. However, this conclusion is 
debatable for at least two reasons. First, the 
chimeric protein may have constraints that re- 
strict release of the C-terminal region. Hence, 
this technique may not discern the confor- 
mational changes that occur upon binding 
receptor phosphates. Second, although quan- 
titatively both the wild-type and mutant pro- 
teins display similar BRET responses, the 
wild type may undergo conformational re- 
arrangements qualitatively different than the 
mutant, wherein the basal constraints in the 
polar core are absent. The BRET technique 
cannot distinguish between such qualitative 
differences. 
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Thus, receptor binding may activate B- 
arrestin, causing multiple, parallel, or step- 
wise conformational changes to induce down- 
stream signaling pathways. Additional work 
will be necessary to determine whether the B- 
arrestin conformational changes induced by 
7TMR binding are merely a means to facili- 
tate binding of nonreceptor partners, or a pro- 
cess that initiates B-arrestin-mediated signal- 
ing pathways such as those leading to MAPK 
activation, or both. 


NEW RECEPTORS FOR 
B-ARRESTIN 


Parallel to the discoveries of the participation 
of §-arrestin in various signaling pathways has 
been the tantalizing finding that B-arrestin 
can bind receptors that are structurally un- 
related to 7TMRSs. Thus, f-arrestins regu- 
late signaling and/or endocytosis of IGF1R, 
Frizzled, smoothened, TGFBRII, LDLR, 
Nat/H* exchanger NHES, Toll-like recep- 
tor, Interleukinl receptor, and Drosophila 
Notch (40, 44, 106-111). Accordingly, the bi- 
ological roles of B-arrestin in signal transduc- 
tion are likely much broader than we currently 
appreciate. Because this subject is beyond 
the scope of this review, these capacities of 
f-arrestins are not discussed here. 


UNANSWERED QUESTIONS 
AND EMERGING AREAS IN 
B-ARRESTIN SIGNALING 


Dimerization of B-Arrestins 


Although homo- and_heterodimerization 
of heptahelical receptors may have impor- 
tant pharmacological and functional impli- 
cations (112, 113), very few reports have 
addressed this phenomenon for the non- 
visual B-arrestins. Purified inactive full- 
length B-arrestinl (418 residues) and B- 
arrestinl—393, a truncation mutant, exist as 
monomers, according to gel-filtration chro- 
matography (99). However, another trunca- 
tion mutant, B-arrestinl—382, exists as a mix- 
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ture of monomeric and dimeric species. In- 
terestingly, this mutant was previously iden- 
tified as a B-arrestin species that binds 
unphosphorylated B2AR reconstituted in li- 
posomes. This phosphorylation-independent 
mutant was termed constitutively active be- 
cause it could desensitize receptors in Xeno- 
pus oocytes even in the absence of GRK- 
mediated phosphorylation (105). Full-length 
B-arrestinl forms only monomeric crystals, 
whereas the truncated f-arrestinl (1-382) 
forms crystals containing exclusively dimers. 
This scenario is opposite to that observed 
in visual arrestin, which in solution exists as 
a tetramer at high concentrations (200 uM) 
and as mixed monomer-dimer species at lower 
concentrations. Because arrestin is highly 
abundant in rod outer segments, it may 
oligomerize under inactive physiological con- 
ditions. In contrast, arrestin-rhodopsin bind- 
ing occurs at low concentrations of arrestin, 
suggesting that monomeric forms of arrestin 
predominating at low concentrations actually 
can be active. 

Researchers have recently implicated 
phosphoinositides in arrestin oligomeriza- 
tion. Phosphoinositides can function as 
important modulators of light-dependent 
trafficking of Drosophila visual arrestin 
(114-116). For mammalian ß-arrestins, 
the soluble inositol hexakisphosphate (IP6) 
displays tighter binding than the membrane- 
associated phosphoinositides PIP2 and 
PIP3 (117, 118). Gaidarov et al. (117) 
mapped a high-affinity phosphoinositide- 
binding site located on the C-domain of 
B-arrestin2. Although mutation of this site 
did not ablate clathrin binding or membrane 
translocation of B-arrestin, it prevented 
localization of B-arrestin in clathrin-coated 
pits, thus impairing the endocytic properties 
of §-arrestin. Milano et al. (118) recently 
cocrystallized -arrestinl with IP6 in the 
basal state and identified an additional 
low-affinity IP6-binding site. Interestingly, 
IP6 mediated an interaction between the 
N-domain of one f-arrestinl molecule 
with the C-domain of a second B-arrestin1 


thus 
symmetry of f-arrestin in the crystal lattice. 
Mutation of the basic residue patches forming 
the IP6 contact sites prevented the formation 
of B-arrestin1 oligomers while increasing the 


molecule, forming a head-to-tail 


propensity for nuclear localization. These 
mutants, defective in both IP6 binding and 
oligomerization, nevertheless bound nonre- 
ceptor partners such as clathrin, AP2, and 
ERK2. Benovic and colleagues (118) hypoth- 
esize that the modulation of IP6 levels in the 
cytosol regulates the oligomerization state 
of 6-arrestin, probably by multiple complex 
pathways. Cellular IP6 locks B-arrestin in 
an inactive oligomeric complex, which is 
a regulatory step that limits plasma mem- 
brane and nuclear localization of f-arrestin. 
Marullo’s group (119) showed that homo- 
and hetero-oligomerization of exogenously 
expressed -arrestins occur constitutively in 
mammalian cells. Cellular expression of a 
B-arrestin2-FKBP-GFP molecule, contain- 
ing a FKBP-binding motif, and induction of 
its oligomerization by the FKBP-dimerizing 
small molecule AP20187 did not interfere 
with its trafficking profile with AT1,Rs. 
Thus, although IP6-induced oligomers form 
inactive cytosolic pools, oligomerization 
per se may not interfere with the classical 
functions of f-arrestin. Whether activated 
B-arrestins that form signalosomes upon 
binding 7TMRs are homo- or heterodimers 
or even monomers currently remains an 
unsolved question. 


Ubiquitination, a Possible 
Mechanism that Links the Endocytic 
and Signaling Properties of 
B-Arrestin 


Agonist-stimulated ß-arrestin ubiquitination 
not only regulates receptor internalization 
and trafficking of receptor-arrestin complexes 
to the endosomal compartments but also ap- 
pears important for stabilizing ERK activity 
on endosomes. A lysine doublet (residues 11, 
12) in f-arrestin2 functions as a crucial site 
for stable ubiquitination in response to an- 


giotensin stimulation and is required for en- 
dosomal trafficking as well as for scaffold- 
ing phosphorylated ERK in these compart- 
ments (25). However, ubiquitination evoked 
by other Class B receptors, such as the 
V2R and the neurokinin1 receptor, proceeds 
at alternate lysine residues, suggesting het- 
erogeneity of the modified receptor-bound 
B-arrestin. This presents a very provocative 
scenario in which a specific receptor can pro- 
voke ubiquitination at specific site(s), spe- 
cific to that receptor-f-arrestin pair. These 
ubiquitination patterns may correspond to 
particular B-arrestin conformations induced 
upon receptor binding that expose specific ly- 
sine residues for ubiquitination, thus allowing 
for receptor-specific signaling pathways me- 
diated by B-arrestin. Unlike in phosphoryla- 
tion, the attachment of ubiquitin adds tertiary 
structure to the substrate protein, allowing 
larger conformational changes. Polyubiqui- 
tin chains (120), such as those formed on B- 
arrestin, may specify further conformational 
complexities and present a foundation for the 
binding of the many downstream endocytic 
and/or signaling partners of B-arrestin. 


Reciprocal Versus Codependent 
Regulation of 6-Arrestin-Dependent 
ERK 


One of the most intriguing findings re- 
garding {-arrestin signaling is the issue 
of isoform specificity. Data from siRNA 
experiments show two distinct patterns for 
f-arrestin-mediated ERK from 7TMRs. 
Some receptors, such as the ßB2AR, de- 
pend on both ß-arrestins 1 and 2 for G 
protein—independent ERK, as a loss of either 
inhibits this branch of signaling (61). In this 
review, we term this pattern codependent 
f-arrestin-ERK, as both f§-arrestins are 
necessary and neither one is sufficient by 
itself. In contrast, {-arrestin-dependent 
ERK activated by the AT1,R depends 
exclusively on f-arrestin2 expression. 
When -arrestinl expression is silenced, 
G protein-independent ERK increases, 
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a phenomenon referred to as reciprocal 
regulation (59). The opposite is true for 
PARI: £-Arrestin1 facilitates signaling to 
ERK, whereas silencing of -arrestin2 
increases B-arrestinl-dependent ERK (121). 
Table 1 classifies various receptors as re- 
ciprocal or codependent with regard to 
B-arrestin signaling. 

‘The molecular mechanisms governing this 
reciprocal regulation have not been eluci- 
dated; however, rescue experiments provide 
some insight. In Figure 3, either control 
siRNA or human £-arrestin2 siRNA is used 
in conjunction with expression of a rat B- 
arrestin2-GFP fusion protein, which is insen- 
sitive to silencing by virtue of sequence differ- 
ences between the species. Expression of rat 
f-arrestin2 can restore >90% of the ERK ac- 
tivity that is eliminated by B-arrestin2 siRNA 
(Figure 3). Surprisingly, rat B-arrestin] can 
also rescue approximately 15% of the ERK ac- 
tivity (S. Ahn & RJ. Lefkowitz, unpublished 
data). This suggests that B-arrestin1 can func- 
tion as an ERK scaffold, albeit to a much lesser 
extent than 6-arrestin2. In response to AngII, 
both {-arrestins normally are recruited to 
the receptor robustly and equally well. In 
this experiment, f-arrestinl siRNA would 
be predicted to increase B-arrestin2 recruit- 
ment through loss of competition and thus 
increase f-arrestin2-dependent ERK signal- 
ing (59). Although this portrayal explains re- 
ciprocal regulation, it does not address why 
receptors such as the B2AR and AT1,R dis- 
play such different patterns in the same cell 
type, HEK-293. One possible explanation for 
these findings is preferential recruitment of 
B-arrestin homo- or hetero-oligomers, a sub- 
ject worthy of future investigation. 


Receptor Phosphorylation 
and B-Arrestin Signaling 


Another puzzling question is the extent to 
which receptor phosphorylation is necessary 
for, or contributes to, B-arrestin signaling 
pathways. Here again, the data show two op- 
posite patterns, and the clearest example of 
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each comes from the B2AR and AT1,R. For 
both these cases, a mutant receptor that is 
unable to be phosphorylated on the cyto- 
plasmic tail (by either alanine substitution 
or truncation of all serines and threonines) 
is available. In Figure 4, the B2AR, which 
lacks both GRK and PKA phosphorylation 
sites (@B2ARGRE—-PKA-) and which cannot re- 
cruit B-arrestins (61), also cannot mediate B- 
arrestin-dependent ERK activation. This is 
expected because GRK phosphorylation typ- 
ically precedes B-arrestin binding to the re- 
ceptor. However, in the case of the AT1,R, 
the corresponding mutant (AT1,R43"*) (122) 
can elicit the same amount of -arrestin- 
dependent ERK as the wild-type receptor 
(Figure 4). Whereas the mutant B2AR can- 
not recruit §-arrestin at all following stimula- 
tion, the mutant AT1,R can, although it does 
so in a much weaker Class A pattern than the 
wild-type Class B receptor (Table 1). Taken 
together, these data suggest that the recruit- 
ment of B-arrestin to the plasma membrane, 
even in a transient Class A pattern, is suffi- 
cient to induce B-arrestin-mediated signaling 
to ERK. A recent study supporting this theory 
used an artificial system of 6-arrestin translo- 
cation (103). In the absence of receptor stim- 
ulation, B-arrestin recruitment to the mem- 
brane was sufficient to trigger ERK activation 
(103). 

However, another report found that mu- 
tation of some of the phosphorylation sites in 
the cytoplasmic tail of Orexin-1 receptor re- 
sulted in the loss of sustained ERK activation, 
yet this mutant still retained some ability to 
recruit $-arrestins (123). Similarly, cytoplas- 
mic tail truncation mutants of the PAR2 re- 
ceptor that retained the ability to recruit tran- 
siently (Class A), but not stably associate with, 
B-arrestins lost the ability to activate a pro- 
longed ERK response (124). In another ex- 
ample, using a system of ligand bias for the 
CCR7 receptor, Kohout et al. (70) found that 
ELC (CCL19), the ligand capable of inducing 
receptor phosphorylation, led to an approxi- 
mate fourfold increase in ERK activation as 
compared with SLC (CCL21), the ligand that 
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Nonsilenced rat B-arrestin2 (Barr2) expression rescues human f-arrestin2 siRNA effects on ERK 
activation in HEK-293 cells. Results are averages +/— SEM from five experiments. Cells were treated 
with either control siRNA (CTL) and the appropriate amount of vector DNA, human f-arrestin2 siRNA 
and vector DNA, or human £-arrestin2 siRNA and the expression vector for rat B-arrestin2-GFP. 
Seventy-two hours posttransfection, cells were stimulated with the indicated doses of AngII and analyzed 
for phospho-ERK. (a) Western blot with an antibody specific for B-arrestins. (b) Representative 
phospho-ERK western blots. (c) Dose response curve of averaged data for ERK phosphorylation by the 
AT1,R taken at 5 min poststimulation in HEK-293 cells. IB denotes immunoblot. 
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Phosphorylation of receptors is required for B-arrestin signaling for the B-2 adrenergic receptor (B2AR) 
but not for the angiotensin II receptor type 1A (AT1,R). For a, b, and c, plots represent the average of 
four to six experiments +/— SEM. a and c are reproduced from Reference 61, with permission. WT 
denotes wild type. (a) A time course of phospho-ERK activation by the transfected human B2AR in 
HEK-293 cells in response to 100-nM isoproterenol stimulation. Results were normalized to 100% as 
control siRNA at 5 min. Cells were transfected with receptor plus control siRNA (CTL siRNA), 
B-arrestinl siRNA (Barrl siRNA) or B-arrestin2 siRNA (Barr2 siRNA). (b) The same experiment as in 4 
but performed with the GRK~, PKA” mutant human 62AR, which has 14 serines and threonines 
mutated to alanine and thus cannot be phosphorylated by PKA or GRKs. (c) The same experiment as in 4 
but performed with the TYY mutant human §2AR (which can only signal through B-arrestins and 
cannot couple to G proteins). Adapted from Reference 61, with permission. (d) Time course of ERK 
activation with 100-nM AngII as previously described for the AT1,R or cytoplasmic tail truncation 
mutant, AT1,4R-A324 (which cannot be phosphorylated by PKC or GRKs), with either control siRNA 
(CTL siRNA) or f-arrestin2 siRNA (Barr2 siRNA). Results depicted are averages +/— SEM for nine 
experiments. (e) The effect of PKC inhibition of the AT1,R and truncation mutant, AT1,R-A324. The 
PKC inhibitor, Ro3 1-8425, at 1 uM or equivalent volume of DMSO was used with 20-min pretreatment. 
Results depicted are averages +/— SEM for nine experiments. 


cannot recruit B-arrestins. Mutants of CCR7 
that could not be phosphorylated maximally 
also did not activate ERK maximally (70). 
These results of Kohout et al. show a strong 
correlation between receptor phosphoryla- 
tion and B-arrestin-mediated ERK activation. 
However, in this ELC and SLC system, differ- 
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ences between f-arrestin recruitment and re- 
ceptor phosphorylation cannot be addressed 
because SLC (CCL21) did not recruit B- 
arrestins, nor were receptor phosphorylation- 
site mutants tested for B-arrestin recruitment. 

In summary, for some receptors such as the 
B2AR, Orexin-1, PAR2, and possibly CCR7, 


receptor phosphorylation seems necessary for 
f-arrestin-mediated ERK activation. How- 
ever, for the AT1,4R, phosphorylation on the 
cytoplasmic tail is dispensable for this sig- 
naling: The mechanism we propose is that 
f-arrestin recruitment, even in a transient 
Class A pattern, is sufficient for -arrestin- 
dependent ERK activation. This mechanism 
is consistent with all the above data except 
those for the Orexin-1 and PAR-2 receptors, 
both of which can still recruit §-arrestins in 
the absence of phosphorylation yet cannot ac- 
tivate B-arrestin-dependent ERK. 


CONCLUDING REMARKS 


Researchers have identified numerous sub- 
strates, including ERK, JNK3, p38, PI3K, 
Akt, and RhoA, for B-arrestin-dependent sig- 
naling in the cytoplasm. Although the spe- 
cific events leading to the agonist-induced 
activation of these signaling pathways have 
been vastly explored, their downstream tar- 
gets and physiological outcomes are still 
largely a mystery. In vivo studies have revealed 
some expected roles of B-arrestins in recep- 
tor desensitization (15, 125, 126), but more 
recently, some manifestations of the signal- 
ing capacities of B-arrestins have also been 
appreciated (84, 127). These findings reveal 
the consequences of B-arrestin signaling in 
complex behavioral phenotypes, thus under- 
scoring the importance of this novel signaling 
mechanism. 

Nuclear B-arrestin signaling is an area of 
great potential for future research. Although 
B-arrestin-dependent signaling to ERK does 
not lead to transcriptional responses through 


SUMMARY POINTS 


ERK-dependent factors such as Elk-1 (52), 
the interaction of §-arrestins and components 
of the NF«B pathway can affect transcription 
negatively (87, 88). Kang et al. (92) recently 
discovered that B-arrestins can regulate tran- 
scriptional changes, and the interaction of B- 
arrestinl and p300 provides a promising di- 
rect mechanism for activation. Further work 
is needed to explain 6-arrestin1 recruitment 
to promoters, which may occur through in- 
teraction with specific transcription factors. 

More tantalizing prospects for the discov- 
ery of B-arrestin signaling—dependent phys- 
iology include the creation of mice with 
mutant receptors that perform exclusively 
B-arrestin signaling. For example, mice ex- 
pressing the AT'1,4R-DRY/AAY could be cre- 
ated in the context of the AT1,R knockout 
mouse (128) and stimulated with AngII. By 
measuring the typical AngII-stimulated phys- 
iology, one could determine how much of the 
response is carried out by B-arrestin signaling 
versus Gaq. Similarly, one also could take ad- 
vantage of the available biased agonist for the 
AT1,R, SIL 

B-Arrestin signaling represents a new 
paradigm in cell biology and potentially a 
new host of therapeutic targets for diseases of 
7TMR dysregulation. Although classic phar- 
macological solutions have focused exclu- 
sively on receptor blockade and G protein- 
mediated responses, B-arrestins, owing to the 
only very recent appreciation of their signal- 
ing capacities, remain an untapped resource. 
Future research into the intricate -arrestin- 
mediated signaling pathways will shed light 
on how their modulation can impact human 


health. 


1. B-Arrestins not only desensitize G protein—dependent signal pathways but indepen- 


dently promote novel pathways of signal transduction. 


2. ®-Arrestins serve as scaffolds for the activation of a number of signaling pathways, 


including ERK, JNK, p38, and Akt. 


3. B-Arrestins are posttranslationally regulated by phosphorylation and ubiquitination. 
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4. Receptor binding induces conformational changes in 6-arrestin that may facilitate its 
scaffolding and signaling functions. 


5. Investigators have recently discovered nuclear functions of f-arrestins in transcrip- 
tional regulation. 


6. B-Arrestins can traffic to receptors other than 7TMRSs. 


FUTURE ISSUES 


1. How do conformational changes in -arrestin contribute to its signaling and endocytic 
functions? 


2. To what extent do homo- and hetero-oligomerization of B-arrestin affect its ability 
to desensitize, internalize, and carry out cell signaling? 


3. Does ubiquitination of B-arrestin connect its trafficking and signaling roles? 


4. What are the receptor-specific factors that determine if receptor phosphorylation is 
necessary for B-arrestin-mediated ERK activation? 


5. Why do some receptors, such as the 82AR, require both B-arrestin isoforms for ERK 
activation, whereas others, such as the AT14R, only require one? 


6. What are the downstream physiological effects of B-arrestin-dependent signaling? 


ACKNOWLEDGMENTS 


RJ.L. is an investigator with the Howard Hughes Medical Institute (HHMI). S.M.D. and 
S.A. are supported by HHMI. We acknowledge grant support from the National Institutes 
of Health (HL 16037 and HL 70631 to R.J.L. and HL080525 to S.K.S.) and the American 
Heart Association (0530014N to S.K.S.). We thank Donna Addison and Elizabeth Hall for 
excellent secretarial assistance. We also thank Chris Nelson, Kunhong Xiao, and Kelly Nobles 
for critical reading of this review. 


LITERATURE CITED 


1. Lefkowitz RJ. 2004. Historical review: a brief history and personal retrospective of seven- 
transmembrane receptors. Trends Pharmacol. Sci. 25:413-22 

2. Pitcher JA, Freedman NJ, Lefkowitz RJ. 1998. G protein-coupled receptor kinases. Annu. 
Rev. Biochem. 67:653-92 

3. Pao CS, Benovic JL. 2002. Phosphorylation-independent desensitization of G protein- 
coupled receptors? Sci. STKE 2002:PE42 

4. Penela P, Ribas C, Mayor F Jr. 2003. Mechanisms of regulation of the expression and 
function of G protein-coupled receptor kinases. Cell Signal. 15:973-81 

5. Benovic JL, Kuhn H, Weyand I, Codina J, Caron MG, Lefkowitz RJ. 1987. Functional 
desensitization of the isolated beta-adrenergic receptor by the beta-adrenergic receptor 
kinase: potential role of an analog of the retinal protein arrestin (48-kDa protein). Proc. 
Natl. Acad. Sci. USA 84:8879-82 


DeWire et al. 


8a. 


10. 


11. 


12. 


13; 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


. Pfister C, Chabre M, PlouetJ, Tuyen VV, De Kozak Y, et al. 1985. Retinal S antigen iden- 


tified as the 48K protein regulating light-dependent phosphodiesterase in rods. Science 
228:891-93 


. Lohse MJ, Benovic JL, Codina J, Caron MG, Lefkowitz RJ. 1990. B-Arrestin: a protein 


that regulates B-adrenergic receptor function. Science 248:1547-50 


. Attramadal H, Arriza JL, Aoki C, Dawson TM, Codina J, et al. 1992. Beta-arrestin2, a 


novel member of the arrestin/beta-arrestin gene family. 7. Biol. Chem. 267:17882-90 
Moore CAC, Milano SK, Benovic J. 2007. Regulation of receptor trafficking by GRKs 
and arrestins. Annu. Rev. Physiol. 69:in press 


. Krupnick JG, Goodman OB, Jr., Keen JH, Benovic JL. 1997. Arrestin/clathrin interac- 


tion. Localization of the clathrin binding domain of nonvisual arrestins to the carboxy 
terminus. 7. Biol. Chem. 272:15011-16 

Goodman OB Jr, Krupnick JG, Santini F, Gurevich VV, Penn RB, et al. 1996. Beta- 
arrestin acts as a clathrin adaptor in endocytosis of the beta2-adrenergic receptor. Nature 
383:447-50 

Laporte SA, Miller WE, Kim KM, Caron MG. 2002. ®-Arrestin/AP-2 interaction in 
G protein-coupled receptor internalization: identification of a B-arrestin binding site in 
62-adaptin. 7. Biol. Chem. 277:9247-54 

Mukherjee S, Casanova JE, Hunzicker-Dunn M. 2001. Desensitization of the luteinizing 
hormone/choriogonadotropin receptor in ovarian follicular membranes is inhibited by 
catalytically inactive ARNO?. 7. Biol. Chem. 276:6524-28 

Claing A, Chen W, Miller WE, Vitale N, Moss J, et al. 2001. B-Arrestin-mediated ADP- 
ribosylation factor 6 activation and $2-adrenergic receptor endocytosis. 7. Biol. Chem. 
276:42509-13 

Conner DA, Mathier MA, Mortensen RM, Christe M, Vatner SF, et al. 1997. B-Arrestin1 
knockout mice appear normal but demonstrate altered cardiac responses to B-adrenergic 
stimulation. Circ. Res. 81:1021-26 

Bohn LM, Lefkowitz RJ, Gainetdinov RR, Peppel K, Caron MG, Lin FT. 1999. En- 
hanced morphine analgesia in mice lacking beta-arrestin 2. Science 286:2495-98 

Kohout TA, Lin FS, Perry SJ, Conner DA, Lefkowitz RJ. 2001. B-Arrestin 1 and 2 
differentially regulate heptahelical receptor signaling and trafficking. Proc. Natl. Acad. 
Sci. USA 98:1601-6 

Oakley RH, Laporte SA, Holt JA, Caron MG, Barak LS. 2000. Differential affinities of 
visual arrestin, beta arrestin1, and beta arrestin2 for G protein-coupled receptors delineate 
two major classes of receptors. 7. Biol. Chem. 275:17201-10 

Paing MM, Stutts AB, Kohout TA, Lefkowitz RJ, Trejo J. 2002. 6-Arrestins regulate 
protease-activated receptor-1 desensitization but not internalization or down-regulation. 
J. Biol. Chem. 277:1292-300 

Lin FT, Miller WE, Luttrell LM, Lefkowitz RJ. 1999. Feedback regulation of beta- 
arrestin1 function by extracellular signal-regulated kinases. 7. Biol. Chem. 274:15971-74 
Kim YM, Barak LS, Caron MG, Benovic JL. 2002. Regulation of arrestin-3 phosphory- 
lation by casein kinase II. 7. Biol. Chem. 277:16837—-46 

Lin FT, Chen W, Shenoy S, Cong M, Exum ST, Lefkowitz RJ. 2002. Phosphoryla- 
tion of B-arrestin2 regulates its function in internalization of 82-adrenergic receptors. 
Biochemistry 41:10692—99 

Lin FT, Krueger KM, Kendall HE, Daaka Y, Fredericks ZL, et al. 1997. Clathrin- 
mediated endocytosis of the beta-adrenergic receptor is regulated by phosphoryla- 
tion/dephosphorylation of beta-arrestinl. 7. Biol. Chem. 272:31051-57 


www.annualreviews.org è B-Arrestins and Cell Signaling 


504 


23; 


24. 


25. 


26. 


27. 


28. 


29, 


30. 


31. 


32. 


33. 
34. 


J3. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


Shenoy SK, McDonald PH, Kohout TA, Lefkowitz RJ. 2001. Regulation of receptor 
fate by ubiquitination of activated beta 2-adrenergic receptor and beta-arrestin. Science 
294:1307-13 

Shenoy SK, Lefkowitz RJ. 2003. Trafficking patterns of beta-arrestin and G protein- 
coupled receptors determined by the kinetics of beta-arrestin deubiquitination. 7. Biol. 
Chem. 278:14498-506 

Shenoy SK, Lefkowitz RJ. 2005. Receptor-specific ubiquitination of beta-arrestin directs 
assembly and targeting of seven-transmembrane receptor signalosomes. 7. Biol. Chem. 
280:15315-24 

Perroy J, Pontier S, Charest PG, Aubry M, Bouvier M. 2004. Real-time monitoring of 
ubiquitination in living cells by BRET. Nat. Methods 1:203-8 

Hershko A, Ciechanover A, Heller H, Haas AL, Rose IA. 1980. Proposed role of ATP 
in protein breakdown: conjugation of protein with multiple chains of the polypeptide of 
ATP-dependent proteolysis. Proc. Natl. Acad. Sci. USA 77:1783-86 

Haas AL, Warms JV, Hershko A, Rose IA. 1982. Ubiquitin-activating enzyme. Mecha- 
nism and role in protein-ubiquitin conjugation. 7. Biol. Chem. 257:2543-48 

Hicke L, Dunn R. 2003. Regulation of membrane protein transport by ubiquitin and 
ubiquitin-binding proteins. Annu. Rev. Cell Dev. Biol. 19:141-72 

Shenoy SK, Lefkowitz RJ. 2003. Multifaceted roles of beta-arrestins in the regulation of 
seven-membrane-spanning receptor trafficking and signalling. Biochem. J. 375:503-15 
Welchman RL, Gordon C, Mayer RJ. 2005. Ubiquitin and ubiquitin-like proteins as 
multifunctional signals. Nat. Rev. Mol. Cell Biol. 6:599-609 

Wojcikiewicz RJ. 2004. Regulated ubiquitination of proteins in GPCR-initiated signaling 
pathways. Trends Pharmacol. Sci. 25:35-41 

Chen ZJ. 2005. Ubiquitin signalling in the NF-KB pathway. Nat. Cell Biol. 7:758-65 
Martin NP, Lefkowitz RJ, Shenoy SK. 2003. Regulation of V2 vasopressin receptor 
degradation by agonist-promoted ubiquitination. 7. Biol. Chem. 278:45954-59 
Marchese A, Benovic JL. 2001. Agonist-promoted ubiquitination of the G protein- 
coupled receptor CXCR4 mediates lysosomal sorting. 7. Biol. Chem. 276:45509-12 
Marchese A, Raiborg C, Santini F, Keen JH, Stenmark H, Benovic JL. 2003. The E3 
ubiquitin ligase AIP4 mediates ubiquitination and sorting of the G protein-coupled re- 
ceptor CXCR4. Dev. Cell 5:709-22 

Jacob C, Cottrell GS, Gehringer D, Schmidlin F, Grady EF, Bunnett NW. 2005. c-Cbl 
mediates ubiquitination, degradation, and down-regulation of human protease-activated 
receptor 2. 7. Biol. Chem. 280:16076-87 

Girnita L, Girnita A, Larsson O. 2003. Mdm2-dependent ubiquitination and degradation 
of the insulin-like growth factor 1 receptor. Proc. Natl. Acad. Sci. USA 100:8247-52 
Girnita L, Shenoy SK, Sehat B, Vasilcanu R, Girnita A, et al. 2005. B-Arrestin is crucial 
for ubiquitination and down-regulation of the insulin-like growth factor-1 receptor by 
acting as adaptor for the MDM? E3 ligase. 7. Biol. Chem. 280:24412-19 

Mukherjee A, Veraksa A, Bauer A, Rosse C, Camonis J, Artavanis-Tsakonas S. 2005. 
Regulation of Notch signalling by non-visual beta-arrestin. Nat. Cell Biol. 7:1191-201 
Herranz S, Rodriguez JM, Bussink HJ, Sanchez-Ferrero JC, Arst HN Jr, et al. 2005. 
Arrestin-related proteins mediate pH signaling in fungi. Proc. Natl. Acad. Sci. USA 
102:12141-46 

Katzmann DJ, Odorizzi G, Emr SD. 2002. Receptor downregulation and multivesicular- 
body sorting. Nat. Rev. Mol. Cell Biol. 3:893-905 


DeWire et al. 


43. 


44. 


45. 


46. 


47. 


48. 


49. 


50. 


Si, 


52. 


53: 


54. 


55. 


56. 


57. 


Luttrell LM, Daaka Y, Della Rocca GJ, Lefkowitz RJ. 1997. G protein-coupled recep- 
tors mediate two functionally distinct pathways of tyrosine phosphorylation in rat la 
fibroblasts. Shc phosphorylation and receptor endocytosis correlate with activation of 
Erk kinases. 7. Biol. Chem. 272:31648-56 

Lin FT, Daaka Y, Lefkowitz RJ. 1998. B-Arrestins regulate mitogenic signaling and 
clathrin-mediated endocytosis of the insulin-like growth factor I receptor. 7. Biol. Chem. 
273:31640-43 

Daaka Y, Luttrell LM, Ahn S, Della Rocca GJ, Ferguson SS, et al. 1998. Essential role for 
G protein-coupled receptor endocytosis in the activation of mitogen-activated protein 
kinase. 7. Biol. Chem. 273:685-88 

Luttrell LM, Ferguson SS, Daaka Y, Miller WE, Maudsley S, et al. 1999. Beta-arrestin- 
dependent formation of beta2 adrenergic receptor-Src protein kinase complexes. Science 
283:655-61 

DeFea KA, Vaughn ZD, O’Bryan EM, Nishijima D, Dery O, Bunnett NW. 2000. The 
proliferative and antiapoptotic effects of substance P are facilitated by formation of a 
beta-arrestin-dependent scaffolding complex. Proc. Natl. Acad. Sci. USA 97:11086-91 
Miller WE, Maudsley S, Ahn S, Khan KD, Luttrell LM, Lefkowitz RJ. 2000. Beta- 
arrestinl interacts with the catalytic domain of the tyrosine kinase c-SRC. Role of 
beta-arrestinl-dependent targeting of c-SRC in receptor endocytosis. 7. Biol. Chem. 
275:11312-19 

DeFea KA, Zalevsky J, Thoma MS, Dery O, Mullins RD, Bunnett NW. 2000. Beta- 
arrestin-dependent endocytosis of proteinase-activated receptor 2 is required for intra- 
cellular targeting of activated ERK1/2. 7 Cell Biol 148:1267-81 

Luttrell LM, Roudabush FL, Choy EW, Miller WE, Field ME, etal. 2001. Activation and 
targeting of extracellular signal-regulated kinases by beta-arrestin scaffolds. Proc. Natl. 
Acad. Sci. USA 98:2449-54 

Scott MG, Pierotti V, Storez H, Lindberg E, Thuret A, etal. 2006. Cooperative regulation 
of extracellular signal-regulated kinase activation and cell shape change by filamin A and 
f-arrestins. Mol. Cell Biol. 26:3432-45 

‘Tohgo A, Pierce KL, Choy EW, Lefkowitz RJ, Luttrell LM. 2002. B-Arrestin scaffold- 
ing of the ERK cascade enhances cytosolic ERK activity but inhibits ERK-mediated 
transcription following angiotensin AT 1a receptor stimulation. 7. Biol. Chem. 277:9429- 
36 

Tohgo A, Choy EW, Gesty-Palmer D, Pierce KL, Laporte S, et al. 2003. The stability 
of the G protein-coupled receptor-beta-arrestin interaction determines the mechanism 
and functional consequence of ERK activation. 7. Biol. Chem. 278:6258-67 

Barnes WG, Reiter E, Violin JD, Ren XR, Milligan G, Lefkowitz RJ. 2005. B-Arrestin 1 
and Galphagq/11 coordinately activate RhoA and stress fiber formation following receptor 
stimulation. 7. Biol. Chem. 280:8041-50 

Ge L, Ly Y, Hollenberg M, DeFea K. 2003. A beta-arrestin-dependent scaffold is associ- 
ated with prolonged MAPK activation in pseudopodia during protease-activated receptor- 
2-induced chemotaxis. 7. Biol. Chem. 278:34418-26 

Hunton DL, Barnes WG, Kim J, Ren XR, Violin JD, et al. 2005. Beta-arrestin 2- 
dependent angiotensin II type 1A receptor-mediated pathway of chemotaxis. Mol. Phar- 
macol. 67:1229-36 

Ahn S, Nelson CD, Garrison TR, Miller WE, Lefkowitz RJ. 2003. Desensitization, inter- 
nalization, and signaling functions of beta-arrestins demonstrated by RNA interference. 
Proc. Natl. Acad. Sci. USA 100:1740-44 


www.annualreviews.org è B-Arrestins and Cell Signaling 


595, 


506 


58. 


58a. 


59. 


60. 


ól. 


62. 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


PA 


Ahn S, Shenoy SK, Wei H, Lefkowitz RJ. 2004. Differential kinetic and spatial patterns 
of beta-arrestin and G protein-mediated ERK activation by the angiotensin II receptor. 
J. Biol. Chem. 279:35518-25 

Lefkowitz RJ, Shenoy SK. 2005. Transduction of receptor signals by beta-arrestins. Science 
308:512-17 

Ahn S, Wei H, Garrison TR, Lefkowitz RJ. 2004. Reciprocal regulation of angiotensin 
receptor-activated extracellular signal-regulated kinases by beta-arrestins 1 and 2. 7. Biol. 
Chem. 279:7807-11 

Ren XR, Reiter E, Ahn S, Kim J, Chen W, Lefkowitz RJ. 2005. Different G protein- 
coupled receptor kinases govern G protein and beta-arrestin-mediated signaling of V2 
vasopressin receptor. Proc. Natl. Acad. Sci. USA 102:1448-53 

Shenoy SK, Drake MT, Nelson CD, Houtz DA, Xiao K, et al. 2006. Beta-arrestin- 
dependent, G protein-independent ERK1/2 activation by the beta2 adrenergic receptor. 
J. Biol. Chem. 281:1261-73 

Gesty-Palmer D, Chen M, Reiter E, Ahn S, Nelson CD, et al. 2006. Distinct 
beta-arrestin- and G protein-dependent pathways for parathyroid hormone receptor- 
stimulated ERK1/2 activation. 7. Biol. Chem. 281:10856-64 

Gaborik Z, Jagadeesh G, Zhang M, Spat A, Catt KJ, Hunyady L. 2003. The role of a 
conserved region of the second intracellular loop in AT 1 angiotensin receptor activation 
and signaling. Endocrinology 144:2220-28 

Wei H, Ahn S, Shenoy SK, Karnik SS, Hunyady L, et al. 2003. Independent beta-arrestin 
2 and G protein-mediated pathways for angiotensin II activation of extracellular signal- 
regulated kinases 1 and 2. Proc. Natl. Acad. Sci. USA 100:10782-87 

Holloway AC, Qian H, Pipolo L, Ziogas J, Miura S, et al. 2002. Side-chain substitutions 
within angiotensin II reveal different requirements for signaling, internalization, and 
phosphorylation of type 1A angiotensin receptors. Mol. Pharmacol. 61:768-77 

Yee DK, Suzuki A, Luo L, Fluharty SJ. 2006. Identification of structural determinants 
for G-protein independent activation of mitogen activated protein kinases in the seventh 
transmembrane domain of the angiotensin II type 1 receptor. Mol. Endocrinol. 20(8):1924— 
34 

Daniels D, Yee DK, Faulconbridge LF, Fluharty SJ. 2005. Divergent behavioral roles of 
angiotensin receptor intracellular signaling cascades. Endocrinology 146:5552-60 
O’Donnell SR, Wanstall JC. 1980. Evidence that ICI 118551 is a potent, highly beta 
2-selective adrenoceptor antagonist and can be used to characterize beta-adrenoceptor 
populations in tissues. Life Sci. 27:671-77 

Azzi M, Charest PG, Angers S, Rousseau G, Kohout T, et al. 2003. Beta-arrestin- 
mediated activation of MAPK by inverse agonists reveals distinct active conformations 
for G protein-coupled receptors. Proc. Natl. Acad. Sci. USA 100:11406-11 

Kohout TA, Nicholas SL, Perry SJ, Reinhart G, Junger S, Struthers RS. 2004. Differ- 
ential desensitization, receptor phosphorylation, beta-arrestin recruitment, and ERK1/2 
activation by the two endogenous ligands for the CC chemokine receptor 7. 7. Biol. Chem. 
279:23214-22 

Sun Y, Cheng Z, Ma L, Pei G. 2002. Beta-arrestin2 is critically involved in CXCR4- 
mediated chemotaxis, and this is mediated by its enhancement of p38 MAPK activation. 
J. Biol. Chem. 277:49212-19 

Jiang Q, Yan Z, Feng J. 2006. Activation of group II metabotropic glutamate receptors 
attenuates rotenone toxicity on dopaminergic neurons through a microtubule-dependent 
mechanism. 7. Neurosci. 26:43 18-28 


DeWire et al. 


73. 


74. 


75. 


76. 


77. 


78. 


79; 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


Mohit AA, Martin JH, Miller CA. 1995. p493F12 kinase: a novel MAP kinase expressed 
in a subset of neurons in the human nervous system. Neuron 14:67-78 

McDonald PH, Chow CW, Miller WE, Laporte SA, Field ME, et al. 2000. Beta-arrestin 
2: a receptor-regulated MAPK scaffold for the activation of JNK3. Science 290:1574—-77 
Miller WE, McDonald PH, Cai SF, Field ME, Davis RJ, Lefkowitz RJ. 2001. Identifi- 
cation of a motif in the carboxyl terminus of beta-arrestin2 responsible for activation of 
JNK3. 7. Biol. Chem. 276:27770-77 

Scott MG, Le Rouzic E, Perianin A, Pierotti V, Enslen H, et al. 2002. Differential 
nucleocytoplasmic shuttling of beta-arrestins. Characterization of a leucine-rich nuclear 
export signal in beta-arrestin2. 7. Biol. Chem. 277:37693-701 

Willoughby EA, Collins MK. 2005. Dynamic interaction between the dual speci- 
ficity phosphatase MKP7 and the JNK3 scaffold protein beta-arrestin 2. 7. Biol. Chem. 
280:25651-58 

Miller WE, Houtz DA, Nelson CD, Kolattukudy PE, Lefkowitz RJ. 2003. G-protein- 
coupled receptor (GPCR) kinase phosphorylation and beta-arrestin recruitment regulate 
the constitutive signaling activity of the human cytomegalovirus US28 GPCR. 7. Biol. 
Chem. 278:21663-71 

Bruchas MR, Macey TA, Lowe JD, Chavkin C. 2006. Kappa opioid receptor activation 
of p38 MAPK is GRK3- and arrestin-dependent in neurons and astrocytes. 7. Biol. Chem. 
281:18081-89 

Povsic TJ, Kohout TA, Lefkowitz RJ. 2003. Beta-arrestin! mediates insulin-like growth 
factor 1 (IGF-1) activation of phosphatidylinositol 3-kinase (PI3K) and anti-apoptosis. 7. 
Biol. Chem. 278:51334-39 

Goel R, Phillips-Mason PJ, Raben DM, Baldassare JJ. 2002. x-Thrombin induces rapid 
and sustained Akt phosphorylation by B-arrestin1-dependent and -independent mecha- 
nisms, and only the sustained Akt phosphorylation is essential for G1 phase progression. 
J. Biol. Chem. 277:18640-48 

Goel R, Baldassare JJ. 2002. 8-Arrestin 1 couples thrombin to the rapid activation of the 
Akt pathway. Ann. NY Acad. Sci. 973:138-41 

Goel R, Phillips-Mason PJ, Gardner A, Raben DM, Baldassare JJ. 2004. a-Thrombin- 
mediated phosphatidylinositol 3-kinase activation through release of Gy dimers from 
Gaq and Gai2. 7. Biol. Chem. 279:6701-10 

Beaulieu JM, Sotnikova TD, Marion S, Lefkowitz RJ, Gainetdinov RR, Caron MG. 2005. 
An Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic neurotransmis- 
sion and behavior. Cell 122:261-73 

Sen R, Baltimore D. 1986. Inducibility of k immunoglobulin enhancer-binding protein 
NF-KB by a posttranslational mechanism. Cell 47:92 1-28 

Karin M, Greten FR. 2005. NF-«B: linking inflammation and immunity to cancer de- 
velopment and progression. Nat. Rev. Immunol. 5:749-59 

Witherow DS, Garrison TR, Miller WE, Lefkowitz RJ. 2004. B-Arrestin inhibits NF-KB 
activity by means of its interaction with the NF-«B inhibitor IkBa. Proc. Natl. Acad. Sci. 
USA 101:8603-7 

Gao H, Sun Y, Wu Y, Luan B, Wang Y, et al. 2004. Identification of beta-arrestin2 as a G 
protein-coupled receptor-stimulated regulator of NF-KB pathways. Mol Cell 14:303-17 
Luan B, Zhang Z, Wu Y, Kang J, Pei G. 2005. Beta-arrestin2 functions as a 
phosphorylation-regulated suppressor of UV-induced NF-«B activation. EMBO 7. 
24:4237-46 


www.annualreviews.org è B-Arrestins and Cell Signaling 


507. 


508 


90. 


91. 


92. 


93: 


94. 


95. 


96. 


97. 


98. 


99. 


100. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


Gesty-Palmer D, Shewy HE, Kohout TA, Luttrell LM. 2005. B-Arrestin 2 expression 
determines the transcriptional response to lysophosphatidic acid stimulation in murine 
embryo fibroblasts. 7. Biol. Chem. 280:32157-67 

Piu F, Gauthier NK, Wang F. 2006. Beta-arrestin 2 modulates the activity of nuclear 
receptor RAR beta2 through activation of ERK2 kinase. Oncogene 25:218-29 

Kang J, Shi Y, Xiang B, Qu B, Su W, et al. 2005. A nuclear function of beta-arrestin1 in 
GPCR signaling: regulation of histone acetylation and gene transcription. Ce// 123:833- 
47 

Puig J, Arendt A, Tomson FL, Abdulaeva G, Miller R, et al. 1995. Synthetic phospho- 
peptide from rhodopsin sequence induces retinal arrestin binding to photoactivated un- 
phosphorylated rhodopsin. FEBS Lett. 362:185-88 

McDowell JH, Smith WC, Miller RL, Popp MP, Arendt A, et al. 1999. Sulfhydryl re- 
activity demonstrates different conformational states for arrestin, arrestin activated by a 
synthetic phosphopeptide, and constitutively active arrestin. Biochemistry 38:6119-25 
Gurevich VV, Gurevich EV. 2004. The molecular acrobatics of arrestin activation. Trends 
Pharmacol. Sci. 25:105-11 

Granzin J, Wilden U, Choe HW, Labahn J, Krafft B, Buldt G. 1998. X-ray crystal 
structure of arrestin from bovine rod outer segments. Nature 391:918-21 

Han M, Gurevich VV, Vishnivetskiy SA, Sigler PB, Schubert C. 2001. Crystal struc- 
ture of beta-arrestin at 1.9 A: possible mechanism of receptor binding and membrane 
translocation. Structure 9:869-80 

Hirsch JA, Schubert C, Gurevich VV, Sigler PB. 1999. The 2.8 A crystal structure of 
visual arrestin: a model for arrestin’s regulation. Cell 97:257-69 

Milano SK, Pace HC, Kim YM, Brenner C, Benovic JL. 2002. Scaffolding functions of 
arrestin-2 revealed by crystal structure and mutagenesis. Biochemistry 41:3321-28 
Vishnivetskiy SA, Paz CL, Schubert C, Hirsch JA, Sigler PB, Gurevich VV. 1999. How 
does arrestin respond to the phosphorylated state of rhodopsin? 7. Biol. Chem. 274:11451- 
54 

Xiao K, Shenoy SK, Nobles K, Lefkowitz RJ. 2004. Activation-dependent conformational 
changes in beta-arrestin 2. 7. Biol. Chem. 279:55744—53 

Charest PG, Terrillon S, Bouvier M. 2005. Monitoring agonist-promoted conformational 
changes of beta-arrestin in living cells by intramolecular BRET. EMBO Rep. 6:334—40 
Terrillon S, Bouvier M. 2004. Receptor activity-independent recruitment of beta- 
arrestin2 reveals specific signalling modes. EMBO 7. 23:3950-61 

Gurevich VV, Benovic JL. 1995. Visual arrestin binding to rhodopsin. Diverse functional 
roles of positively charged residues within the phosphorylation-recognition region of 
arrestin. 7. Biol. Chem. 270:6010-16 

Kovoor A, Celver J, Abdryashitov RI, Chavkin C, Gurevich VV. 1999. Targeted construc- 
tion of phosphorylation-independent beta-arrestin mutants with constitutive activity in 
cells. 7. Biol. Chem. 274:683 1-34 

Chen W, Hu LA, Semenov MV, Yanagawa S, Kikuchi A, et al. 2001. B-Arrestin1 mod- 
ulates lymphoid enhancer factor transcriptional activity through interaction with phos- 
phorylated dishevelled proteins. Proc. Natl. Acad. Sci. USA 98:14889-94 

Chen W, Ren XR, Nelson CD, Barak LS, Chen JK, et al. 2004. Activity-dependent 
internalization of smoothened mediated by beta-arrestin 2 and GRK2. Science 306:2257- 
60 

Chen W, Kirkbride KC, How T, Nelson CD, MoJ, et al. 2003. Beta-arrestin 2 mediates 
endocytosis of type III TGF-beta receptor and down-regulation of its signaling. Science 
301:1394-97 


DeWire et al. 


109. 


110. 


111. 


112. 


113. 


114. 


115. 


116. 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


Wu JH, Peppel K, Nelson CD, Lin FT, Kohout TA, et al. 2003. The adaptor protein 
beta-arrestin2 enhances endocytosis of the low density lipoprotein receptor. 7. Biol. Chem. 
278:44238-45 

Szabo EZ, Numata M, Lukashova V, Iannuzzi P, Orlowski J. 2005. B-Arrestins bind and 
decrease cell-surface abundance of the Na+/H+ exchanger NHE5 isoform. Proc. Natl. 
Acad. Sci. USA 102:2790-95 

Wang Y, Tang Y, Teng L, Wu Y, Zhao X, Pei G. 2006. Association of beta-arrestin 
and TRAF6 negatively regulates Toll-like receptor-interleukin 1 receptor signaling. Nat. 
Immunol. 7:139-47 

Devi LA. 2001. Heterodimerization of G-protein-coupled receptors: pharmacology, sig- 
naling and trafficking. Trends Pharmacol. Sci. 22:532-37 

Terrillon S, Bouvier M. 2004. Roles of G-protein-coupled receptor dimerization. EMBO 
Rep. 5:30-34 

Lee SJ, Montell C. 2004. Light-dependent translocation of visual arrestin regulated by 
the NINAC myosin II. Neuron 43:95-103 

Lee SJ, Xu H, Kang LW, Amzel LM, Montell C. 2003. Light adaptation through 
phosphoinositide-regulated translocation of Drosophila visual arrestin. Neuron 39:121- 
32 

Strissel KJ, Arshavsky VY. 2004. Myosin IMI illuminates the mechanism of arrestin translo- 
cation. Neuron 43:2—4 

Gaidarov I, Krupnick JG, Falck JR, Benovic JL, Keen JH. 1999. Arrestin function in 
G protein-coupled receptor endocytosis requires phosphoinositide binding. EMBO 7. 
18:871-81 

Milano SK, Kim YM, Stefano FP, Benovic JL, Brenner C. 2006. Nonvisual arrestin 
oligomerization and cellular localization are regulated by inositol hexakisphosphate bind- 
ing. J. Biol. Chem. 281:9812-23 

Storez H, Scott MG, Issafras H, Burtey A, Benmerah A, et al. 2005. Homo- and hetero- 
oligomerization of beta-arrestins in living cells. 7. Biol. Chem. 280:40210-15 

Varadan R, Assfalg M, Haririnia A, Raasi S, Pickart C, Fushman D. 2004. Solution 
conformation of Lys63-linked di-ubiquitin chain provides clues to functional diversity of 
polyubiquitin signaling. 7. Biol. Chem. 279:7055-63 

Kuo FT, Lu TL, Fu HW. 2006. Opposing effects of beta-arrestin1 and beta-arrestin2 on 
activation and degradation of Src induced by protease-activated receptor 1. Cell Signal. 
In press 

Qian H, Pipolo L, Thomas WG. 1999. Identification of protein kinase C phosphorylation 
sites in the angiotensin II (AT1A) receptor. Biochem. 7. 343(Pt. 3):637-44 

Milasta S, Evans NA, Ormiston L, Wilson S, Lefkowitz RJ, Milligan G. 2005. The 
sustainability of interactions between the orexin-1 receptor and beta-arrestin-2 is defined 
by a single C-terminal cluster of hydroxy amino acids and modulates the kinetics of ERK 
MAPK regulation. Biochem. F. 387:573-84 

Stalheim L, Ding Y, Gullapalli A, Paing MM, Wolfe BL, etal. 2005. Multiple independent 
functions of arrestins in the regulation of protease-activated receptor-2 signaling and 
trafficking. Mol. Pharmacol. 67:78-87 

Bohn LM, Gainetdinov RR, Sotnikova TD, Medvedev IO, Lefkowitz RJ, et al. 2003. 
Enhanced rewarding properties of morphine, but not cocaine, in B-arrestin-2 knock-out 
mice. 7. Neurosci. 23:10265-73 

Bohn LM, Gainetdinov RR, Lin FT, Lefkowitz RJ, Caron MG. 2000. Mu-opioid receptor 
desensitization by beta-arrestin-2 determines morphine tolerance but not dependence. 
Nature 408:720-23 


www.annualreviews.org è B-Arrestins and Cell Signaling 


509 


510 


127. Wang Q, Zhao J, Brady AE, Feng J, Allen PB, et al. 2004. Spinophilin blocks arrestin 
actions in vitro and in vivo at G protein-coupled receptors. Science 304:1940-94 

128. Morris M, Li P, Callahan MF, Oliverio MI, Coffman TM, et al. 1999. Neuroendocrine 
effects of dehydration in mice lacking the angiotensin AT 1a receptor. Hypertension 33:482- 
86 


RELATED RESOURCES 

1. Luttrell LM. 2005. Composition and function of G protein-coupled receptor signalsomes 
controlling mitogen-activated protein kinase activity. 7. Mol. Neurosci. 26:253-64 

2. Shenoy SK, Lefkowitz RJ. 2003. Multifaceted roles of beta-arrestins in the regulation of 
seven-membrane-spanning receptor trafficking and signaling. Biochem. J. 375(Pt. 3):503- 
15 

3. Gurevich VV, Gurevich EV. 2004. The molecular acrobatics of arrestin activation. Trends 
Pharmacol. Sci. 25(2):105-11 

4. Marchese A, Chen C, Kim YM, Benovic JL. 2003. The ins and outs of G protein-coupled 
receptor trafficking. Trends Biochem. Sci. 28:369-76 

5. Kenakin T. 2002. Drug efficacy at G protein-coupled receptors. Annu. Rev. Pharmacol. Toxicol. 
42:349-79 


DeWire et al. 


R 


Annual Review of 
Physiology 


C ontents Volume 69, 2007 


Frontispiece 
Clay M. Armstrong... 0... sona recen ise e iee i enesenn or oiana XX 


PERSPECTIVES, David L. Garbers, Editor 


Life Among the Axons 
Clay M. Armstrong... 0... asunat roa cece ence tent e EREET ee ntneeeenteetneeenenes 1 


CARDIOVASCULAR PHYSIOLOGY, Jeffrey Robbins, Section Editor 


Mitochondrial Ion Channels 
Brian O’Rourke riisde ccc ccc cece cence cn ne cece teense sees EEEE REDIERE ERRERA 19 


Preconditioning: The Mitochondrial Connection 
Elizabeth Murphy and Charles Steenbergen ......0. 0.0.0. 0c cece cect cence ene nenen teens 51 


CELL PHYSIOLOGY, David E. Clapham, Section Editor 


Iron Homeostasis 
Nancy C. Andrews and Paul J. Schmidt .ooccceciciicincnccrneinnineruannn 69 


Transporters as Channels 
Louis J}. DeFelice and Tapasree Goswami o... 87 


ECOLOGICAL, EVOLUTIONARY, AND COMPARATIVE 
PHYSIOLOGY, Martin E. Feder, Section Editor 


Hypoxia Tolerance in Mammals and Birds: From the Wilderness 
to the Clinic 
Jan-Marino Ramirez, Lars P. Folkow, and Arnoldus S. Blix... 00.0000 cc cece cece es 113 


Hypoxia Tolerance in Reptiles, Amphibians, and Fishes: Life with 
Variable Oxygen Availability 
Philip E. Bickler and Leslie T. Buck ..... 0.000000 ccccccc cece ee ee nent cect ee te te ee ee eens 145 


ENDOCRINOLOGY, Kathryn B. Horwitz, Section Editor 


Integration of Rapid Signaling Events with Steroid Hormone Receptor 
Action in Breast and Prostate Cancer 
Carol A. Lange, Daniel Gioeli, Stephen R. Hammes, and Paul C. Marker .......... 171 


xiii 


xiv 


Nuclear Receptor Structure: Implications for Function 
David L. Bain, Aaron F. Heneghan, Keith D. Connaghan-fones, 
and Michael T: Mitt scire irine i isi iona E EEE es as ook EEE ARI UTE EY 201 


GASTROINTESTINAL PHYSIOLOGY, John Williams, Section Editor 


Regulation of Intestinal Cholesterol Absorption 
Dayid TT Wang ~ isa einir satina narin eai des andanig deadanag-nacdnadsnes 221 


Why Does Pancreatic Overstimulation Cause Pancreatitis? 
Ashok K. Saluja, Markus M. Lerch, Phoebe A. Phillips, and Vikas Dudeja .......... 249 


NEUROPHYSIOLOGY, Richard Aldrich, Section Editor 


‘Timing and Computation in Inner Retinal Circuitry 
Stephen A. BAUS ese coe an eiiiai Dan CENAS E E AEREE 271 


Understanding Circuit Dynamics Using the Stomatogastric Nervous 
System of Lobsters and Crabs 
Eve Marder and Dirk Bucher 0...0. c cece eet e tte e een en ene ne nenens 291 


RENAL AND ELECTROLYTE PHYSIOLOGY, Gerhard H. Giebisch, 
Section Editor 


Molecular Mechanisms of Renal Ammonia ‘Transport 
I. David Weiner and L, Lee Hamm 0.0.0.0. 0.00 c ccc cece cence teen e tenet tenet tees 317 


Phosphatonins and the Regulation of Phosphate Homeostasis 
Theresa Berndt and Rajiv Kumar 0.0.0.0 c ccc ccc cette eect cette tenet nent tees 341 


Specificity and Regulation of Renal Sulfate Transporters 
Daniel Markovich and Peter S. Aronson ....... 0.00000 ccc cece cece cece cece ene ee en enes 361 


RESPIRATORY PHYSIOLOGY, Richard C. Boucher, Fr., Section Editor 


Overview of Structure and Function of Mammalian Cilia 
Peter Satir and Soren Tvorup Christensen .......0 0000000 cece cece cece cece ence eee eenens 377 


Regulation of Mammalian Ciliary Beating 
MGtE VAS SQIMEDE ceins a arie A EEE EE E REE 401 


Genetic Defects in Ciliary Structure and Function 
Maimoona A. Zariwala, Michael R. Knowles, and Heymut Omran .................. 423 


SPECIAL TOPIC, B-ARRESTINS, Robert J. Lefkowitz, Special Topic Editor 


Regulation of Receptor ‘Trafficking by GRKs and Arrestins 
Catherine A.C. Moore, Shawn K. Milano, and Jeffrey L. Benovic ...........0.000005. 451 


B-Arrestins and Cell Signaling 
Scott M. DeWire, Seungkirl Abn, Robert 7. Lefkowitz, and Sudha K. Shenoy ...... 483 


Contents 


Physiological Roles of G Protein—Coupled Receptor Kinases and 
Arrestins 
Richard T. Premont and Raul R. Gainetdinov «0.0.0.0. 0.0.00 cece ccc ect ene ne eens S11 


Stop That Cell! 8-Arrestin-Dependent Chemotaxis: A Tale of 
Localized Actin Assembly and Receptor Desensitization 
Kathryn A. Dek es irren e i Fee bagdhe ee. dae OE 535 


Regulation of Receptor Tyrosine Kinase Signaling by GRKs and 
B-Arrestins 


Christopher 7. Hupfeld and Jerrold M. Olefsky o...on 561 
Indexes 
Cumulative Index of Contributing Authors, Volumes 65-69 ..............000000e0e 579 
Cumulative Index of Chapter Titles, Volumes 65-69 ...0.0....... 0.00 cccceeeneee eee 582 
Errata 


An online log of corrections to Annual Review of Physiology chapters (if any, 1997 to 
the present) may be found at http://physiol.annualreviews.org/errata.shtml 


Contents 


XU 


